Evaluation of the antioxidant activity and characterization of extracts from three edible Chinese mushrooms. by Cheung, Lai Ming. & Chinese University of Hong Kong Graduate School. Division of Food and Nutritional Sciences.
EVALUATION OF THE ANTIOXIDANT ACTIVITY AND 
CHARACTERIZATION OF EXTRACTS FROM THREE EDIBLE 
CHINESE MUSHROOMS 
Cheung Lai Ming 
A Thesis Submitted in Partial Fulfilment of the Requirements for the Degree of 
Master of Philosophy in Food & Nutritional Sciences 
©The Chinese University of Hong Kong 
September 2001 
The Chinese University of Hong Kong holds the copyright of this thesis. Any 
person(s) intending to use a part or whole of the materials in the thesis in a proposed 
publication must seek copyright release from the Dean of the Graduate School. 
丨同 2 1 _ Ml )il 




Prof. Peter C.K. Cheung (Supervisor) 
Prof. Anthony H.Y. Chung (Co-supervisor) 
Prof. Vincent E C. Ooi 
Prof. Y.S. Wong 
Prof. C.Y. Ma (External examiner) 
i 
ACKNOWLEDGEMENTS 
I would like to express my sincere gratitude to my supervisor. Prof. Peter C. K. 
Cheung, for his continuous guidance, valuable suggestions and his patience 
throughout the entire period of study. I would also like to thank Prof. Anthony H. Y. 
Chung for his advice and support and willingness to be my co-supervisor. 
I am grateful to Prof. Vincent E C. Ooi and Prof. YS. Wong for their advice and 
valuable time as the member of my thesis committee. I would also like to thank 
Prof. C.Y. Ma for his advice and willingness to be my external examiner. 
I would like to express my appreciation to Mr. J.Z. Wu for his valuable 
knowledge and help in my second year of study. I would like to thank sincerely Mr. 
H. M. Ho for his donation of low-density lipoprotein in my study and thank for his 
help during the period of my study. I would also like to thank Miss S. N. Lim for 
teaching me the skill in handling the SD rat in this study. 
I also want to thank the staff of the Department of Biology, CUHK, for their 
technical support in my experiment. I would like to thank Mr. C.C. Li for his 
assistance, my labmates and my friends for their friendship and encouragement 
during my study. 
Finally, I deeply thank my parents for their support, patience and love. 
ii 
Abstract 
The aims of this research were to assess the antioxidant activity of three 
mushrooms, namely Pleurotus tuber-regium, Lentinus edodes and Volvariella 
volvacea by lipid peroxidation models and to investigate the possible correlation of 
their antioxidative activity with the presence of phenolic compounds. Based on the 
initial assessment of the antioxidant activity by the beta-carotene bleaching method, 
the methanol and water crude extracts of the three mushrooms had shown potential 
antioxidant activities, with the highest antioxidant activity being found in the 
methanol crude extract of R tuber-regium (p<0.05). Further assessment of the 
antioxidative activity by 1,1 -dipheny 1-2-picryIhydrazyl (DPPH) radical scavenging 
activity showed that all extracts could act as a radical scavenger with the water crude 
extract of P. tuber-regium having the strongest radical scavenging activity (p<0.05). 
The peroxyl radical scavenging activity was assessed by the hemolysis of red blood 
cells from rats. The water crude extracts of the three mushrooms were shown to 
have higher antioxidant activities than the methanol crude extracts in the peroxyl 
radical scavenging assay (p<0.05) and the water crude extract of L. edodes inhibited 
most strongly the hemolysis of red blood cells (p<0.05). In general, the mushroom 
crude extracts with high antioxidant activity correlated with the amount of their total 
phenolic compounds as estimated by the Folin-Ciocalteu method, with the highest 
phenolic content being found in the water crude extract of V. volvacea. 
Subsequently, the methanol crude extracts were fractionated by differential solvent 
extraction into four sub fractions: the dichloromethane, ethyl acetate, butanol and 
water subfractions. The water crude extracts were fractionated into high molecular 
weight (HMW) and low molecular weight (LMW) subfractions by ultrafiltration. 
iii 
Then the water crude extracts and the six subfractions were further assessed by the 
assay of lipid peroxidation of rat brain homogenates. The dichloromethane, ethyl 
acetate and butanol subfractions of the mushroom methanol crude extracts which 
showed the highest antioxidant activity among all the subfractions had the largest 
amount of phenolic compounds with the dichloromethane subfraction of V. volvacea 
being the more potent one. In the assay of LDL oxidation, the ethyl acetate 
subfraction of V, volvacea showed stronger inhibition as caffeic acid did. The 
characterization of the components in the methanol and water crude extracts of the 
three mushrooms was carried out by TLC, HPLC and LC-MS. Results indicated 
that phenolic compounds could be present in the dichloromethane, ethyl acetate and 
butanol subfractions of the mushroom methanol crude extracts. In summary, the 
methanol and water crude extracts of P. tuber-regium were found to possess free 
radical-scavenging activity which was particularly strong in scavenging the free 
radicals generated during lipid peroxidation, DPPH radical and peroxyl radical. 
The water crude extract and LMW subfraction of L. edodes and the subfractions of 
methanol crude extract of V. volvacea showed strong scavenging activity of hydroxy 1 
radicals. As the extracts from sclerotia of P. tuber-regium exhibited the strongest 
antioxidant activity in most assays among the three mushrooms, it could be a 
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CHAPTER ONE: INTRODUCTION 
Lipid oxidation is a major cause of food deterioration, affecting color, flavor, 
texture and nutritional value. It has been suggested that oxidative modification o f 
low-density lipoprotein may play a role in the development of atherosclerosis (Jialal 
and Devaraj, 1996). The consumption of plant foods such as fruits，vegetables, red 
wines, juices, etc. provides protection against various diseases, including cancer, 
cardio- and cerebrovascular diseases (Ames et a l , 1993; Weisburger, 1999). This 
protection can be explained by the capacity of antioxidants in the plant foods to 
scavenge free radicals, which are responsible for the oxidative damage of lipids, 
proteins, and nucleic acids. Phenolics are one of the major groups of non-essential 
dietary components that have been associated with the inhibition o f atherosclerosis 
and cancer (Teissedre et al., 1996; Williams and latropoulos, 1997). The bioactivity 
of phenolics may be related to their ability to chelate metals, inhibit lipoxygenase 
and scavenge free radicals (Decker, 1997). Mushrooms have long been appreciated 
for their flavor and texture. Recently, they are recognized as a nutritious food and 
an important source of biologically active compounds of medicinal value (Breene, 
1990). However, little research was conducted in their antioxidant activities. In 
this research, the antioxidative activity of mushroom would be investigated with 
special emphasis on the phenolic compounds. 
1 
1.1 Free Radicals 
1.1.1 Definition 
Today it is known that the production of free radical plays a key role in 
numerous diseases. The majority of these diseases involves two basic and recurring 
mechanisms of free radical production: activated inflammatory cells and injury 
resulting from ischemia and reperflision (McCord, 1993). In brief, free radicals can 
be defined as any chemical species capable of independent existence and possessing 
one or more unpaired electrons. An unpaired electron is alone in an orbital and is 
often denoted by the insertion of the superscript dot (•). Free radicals are generally 
less stable than non-radicals. Radicals can be formed by the loss of a single 
electron from a non-radical or by the gain of a single electron by a non-radical. 
Free oxygen radicals are not the only causatives of damage, oxygen derivatives 
also have oxidizing power which may be stronger than oxygen. Table 1.1 gives 
some examples of these free radicals. 
Table 1.1. Examples of free radicals 
Name Formula 
Hydrogen atom H* 
Superoxide 0*2-
Hydroxyl OH* 
Peroxyl, alkoxyl R0.2, RO* 
Oxides of nitrogen NO', N0*2 
Transition-metal ion Fe^^, Fe〗., Cu^^ 
Carbon-centred radicals (RO/ and RO*) are important intermediates in lipid 
peroxidation. Hydroxyl radical is a highly reactive oxygen-centred radical that 
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attacks all biomelocules. Transition-metal ions are classified as free radicals under 
the broad definition given above and their ability to change oxidation numbers 
allows them to be powerful catalysts of free-radical reactions. 
1.1.2 Reaction mechanism 
When a free radical reacts with a non-radical, a new radical results, and chain 
reactions can be built up: 
1. A radical (X*) may add on to another molecule. The adduct must still have an 
unpaired electron. 
X . + Y — [ X - Y ] * (1) 
2. A radical may be a reducing agent, donating a single electron to a non-radical. 
The recipient then has an unpaired electron. 
X . + Y X^ + Y . (2) 
3. A radical may be an oxidizing agent, accepting a single electron from a 
non-radical. The non-radical must then have an unpaired electron left behind. 
X • + Y — X" + Y •+ (3) 
4. A radical may abstract a hydrogen atom from a C-H bond. As the hydrogen 
atom has only one electron, an unpaired electron must be left on the carbon. 
\ \ 
— C — H + O H — + H2O (4) 
/ / 
Since most biological molecules are non-radicals, the generation of reactive 
radicals such as OH* in vivo usually sets off chain reactions. Carbon-centred 
radicals usually react with O2 to make peroxyl radicals which propagate the chain 
reaction of lipid peroxidation. 
" ^ • + 02 — — O — O * (5) 
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In the absence of O2, two unpaired electrons in the carbon-centred radicals might 
cross-link to form a covalent bond. 
\ \ \ / 
(6) 
1.1.3 Sources of oxygen reactive species 
One of the most popular theories to explain oxygen toxicity has been the 
superoxide theory, which proposes that oxygen toxicity is due to over-production of 
superoxide (Halliwell and Gutteridge, 1999). Hence, the various sources of 
superoxide production are examined. 
1.1.3.1 Enzymes 
Enzymes can be one of the sources to produce superoxide ions in vivo. Some 
enzymes produce free radicals by reducing oxygen to superoxide ions or catalyzing 
oxygen-dependent oxidation of NADH to generate superoxide ions (Sanders, et al., 
1997). 
1.1.3.2 The auto-oxidation of small molecules 
Auto-oxidation reactions also generate free radicals. Several biologically 
important molecules are oxidized in the presence of oxygen to yield superoxide ions 
such as glyceraldehydes, adrenalin, dopamine, etc. Most of these reactions are 
greatly accelerated by the presence of transition metal ions such as iron and copper 
(Davis et a l , 1988). 
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1.1.3.3 Haem proteins 
The iron in haem proteins is in the Fe^^ state. When delocalization of the 
electron takes place, an intermediate structure results. 
Haem —Fe2+—O2 ^ haem — Fe^ "" — OV (7) 
The bonding is intermediate between Fe^^ bonded to O 2 , and Fe^^ bonded to the 
superoxide radical. When a molecule of oxyhaemoglobin undergoes decomposition, 
superoxide is released. 
Haem — Fe2+ —O2 — O V + haem — Fe^^ (8) 
It has been estimated that about 3% of the haemoglobin present in human 
erythrocytes undergoes such oxidation everyday (Membrillo-Hemandez et al., 1996). 
1.1.3.4 Endoplasmic reticulum sources 
Cytochrome P450 reductase and cytochrome b5 reductase are present in the 
endoplasmic reticulum and nuclear membranes catalyzing desaturation, 
demethylation and hydroxylation reactions of endogenous substrates or foreign 
substances. They normally require NADPH and NADH but under certain 
conditions O2'" and H2O2 are released during the catalytic cycle (Freeman and Crapo, 
1982). 
1.1.3.5 Mitochondrial sources 
Mitochondrial electron transport chain is probably the most important source of 
free radicals in vivo in many aerobic cells. The production of radicals depends 
largely on the metabolic state of the cell. When the electron transport chain is 
highly reduced, then leakage of electrons from the transport chain is increased and 
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O/- and H2O2 are produced. This may occur in ischaemic tissue with low oxygen 
concentrations. NADH ubiquinone reductase and ubiquinol cytochrome c reductase 
generate O2'" and H2O2. (Turrens and Boveris, 1980). 
1.1.3.6 Nucleus 
The membrane surrounding the cell nucleus also contains an electron transport 
chain that can leak electrons to give superoxide ion, at a rate that increases with 
oxygen concentration, in the presence of NADH or NADPH. 
1.1.4 Lipid peroxidation 
With so many sources of free radical production inside our body, which are the 
target sites for their actions? They are mainly lipids, DNA and proteins. As this 
research focuses on lipids, only lipid peroxidation wi l l be discussed. Lipid 
peroxidation has been defined as the oxidative deterioration of polyunsaturated lipids 
(Halliwell and Gutteridge, 1999). Polyunsaturated fatty acids (PUFAs) are those 
that contain two or more carbon-carbon double bonds. 
In our body, the membranes that surround cells and cell organelles contain a 
large amount of PUFA side-chains because the major constituents of biological 
membranes are lipids and proteins. Lipid peroxidation can therefore cause damage 
to membrane proteins as well as to lipids. 
Dietary fats have to be digested, absorbed and transported around the body. 
The lipoproteins involved in this process are also a target of oxidative damage. The 
peroxidation of low-density lipoproteins contributes to atherosclerosis (Witztum and 
Steinberg, 1991). Fatty acids released by the action of lipases are also potential 
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targets of oxidative attack. 
1.1.4.1. Initiation of lipid peroxidation 
After the target sites (lipid) of free radicals have been located, the mechanism of 
lipid peroxidation wi l l be discussed. Initiation of lipid peroxidation is caused by an 
attack upon a lipid of any species that has sufficient reactivity to abstract a hydrogen 
atom from a methylene ( C H 】 ) g r o u p . PUFAs are more prone to such attacks 
than fatty acids with one or no double bond. The OH*, HO2•，RO* and R0*2 
radicals are capable of oxidizing PUFAs. Among them, hydroxyl radicals can 
initiate peroxidation readily (equation 9) provided that they can reach the 
hydrocarbon side chains without interacting with other molecules first. This has 
been shown not only for biological membranes and fatty acids but also for food 
lipids. 
—CH2— + OH" — — + H2O (9) 
The protonated form of superoxide, HO2*, is more reactive and can abstract H* 
from some isolated fatty acids. 
—CH2—+ H02. — — C * H —+H2O2 (10) 
In addition to the above reaction, HO2' can stimulate peroxidation by reaction with 
preformed lipid hydroperoxides. This reaction (11), rather than H* abstraction, may 
have been the major contributor in stimulating the observed peroxidation. 
H ( V + ROOH -> R02. + H2O2 (11) 
Other than RO*, RO2', OH* and HO2', several iron complexes such as Fe-ADP and 
Fe-ATP have been suggested to be capable of abstracting H* and initiating 
peroxidation (Samokyszyn et al., 1990). 
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Since a hydrogen atom has only one electron, abstracting H* from a methylene 
group leaves behind an unpaired electron on the carbon ( — C*H — ). The carbon 
radical is usually stabilized by a molecular rearrangement to form a conjugated diene. 
Although carbon radicals can undergo various reactions; their most likely fate under 
aerobic conditions is to combine with oxygen. Reaction with oxygen gives a 
peroxyl radical, ROO*. 
— R . + 02 — R o c r (12) 
1.1.4.2. Propagation of lipid peroxidation 
Peroxyl radicals are capable of abstracting H* from another lipid molecule. 
ROO. + — CH2——> ——ROOH + — C H — (13) 
This is the propagation step of lipid peroxidation. The carbon radical formed can 
react with oxygen to form another peroxyl radical and so the chain reaction of lipid 
peroxidation continues. The peroxyl radical combines with a hydrogen atom that it 
abstracted to give a lipid hydroperoxide (LOOH) and is also known as lipid peroxide. 
ROO. + —CH2——> ROOH + —C*H— (14) 
In lipid peroxidation, iron (II) ions play an important role in the initiation of the 
chain reaction. Iron (11) ions can take part in electron-transfer reactions with 
oxygen. 
Fe2+ + 02^=^ [Fe2+ — Q 份 Fe'— — O 2 ' " ] Fe'^ + ( V (15) 
Superoxide can dismutate to form H2O2, giving all the essential ingredients for the 
formation of OH* radicals: 
2O2-+2H+ —H2O2+O2 (16) 
Fe2+ + H2O2 — Fe 3+ + OH" + OH' (Fenton reaction) (17) 
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This simple Fenton mixture of Fe^^ and H2O2 can provoke a whole series of radical 
reactions (Burkitt, 1993). Any added organic molecule wi l l be attacked by OH*, 
which is the most reactive radical known, generating radicals that can undergo 
further reactions. 
Moreover, iron plays another role in lipid peroxidation. Pure lipid peroxides 
are usually stable at physiological temperatures. They only decompose on heating, 
as well as in the presence of transition-metal ions (Hochstein et cd., 1964). Iron(II) 
and certain Fe^^ chelates react with lipid peroxides in a way similar to their reactions 
with H2O2, splitting the O — O bond. With H2O2, this gives OH； With lipid 
peroxide, ROOH, it produces RO•，an alkoxyl radical. 
R — OOH + Fe2+— chelate — Fe3+ — chelate + OH. + R — (18) 
Alkoxyl radicals can abstract H* from PUFAs, and from peroxides 
R — O ' + L — H - > R O H + L ' (19) 
L — OOH + R —〇 • "> LOO. + R — OH (20) 
The resulting peroxyl radicals can continue propagating lipid peroxidation. Fe(III) 
and certain Fe(III) chelates can decompose peroxides to peroxyl radicals (Halliwell 
and Gutteridge, 1999). 
R — OOH + Fe(III) — chelate — RCV + H+ + Fe^^—chelate (21) 
1.1.4.3. Products of lipid peroxidation 
Decomposition o f lipid peroxides by heating at high temperatures or exposure to 
iron or copper ions generates a highly complex mixture of products, including 
epoxides, saturated aldehydes, unsaturated aldehydes, ketones and hydrocarbons. 
Metal ions allow peroxides to decompose at physiologically relevant temperatures. 
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Hemolysis of the O — O bond yields radicals, which can attack other 
hydroperoxides and PUFAs. 
ROOH — R O . + OH. (22) 
Malondialdehyde (MDA), being the focus of attention in lipid peroxidation for 
many years, is a product formed from peroxidation of PUFAs with more than two 
double bonds, such as linolenic, arachidonic and docosahexaenoic acids. Under 
physiological conditions, proteins are more readily attacked by MDA than free 
amino acids, resulting in modification of several residues (especially lysine) as well 
as intra- and intermolecular protein cross-links (Kikugawa, 1991). 
M D A also reacts with DNA bases and can introduce mutagenic lesions. 
Guanine is a preferred target and adducts to adenine have also been identified in vivo 
(Maidt and Floyd, 1996). 
M D A is rapidly metabolized in mammalian tissues. Aldehyde dehydrogenases 
oxidize it to a semi aldehyde of the dicarboxylic acid, malonic acid, which 
decarboxylates to acetaldehyde which is a substrate for oxidation to acetate by 
aldehyde dehydrogenases. Malonic acid is a competitive inhibitor of the succinate 
dehydrogenase enzyme in mitochondria (Halliwell and Gutteridge, 1999). 
1.1.5 Human diseases associated with free radicals 
The degenerative diseases associated with aging include cancer, cardiovascular 
disease, immune-system decline, brain dysfunction and cataracts (Ames et a l , 1993). 
They are also associated with free radicals because oxidative damage to DNA, 
proteins and other macromolecules accumulates with age and has been postulated to 
be a major type of endogenous damage leading to aging (Fraga et a l , 1990; Harman, 
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1981). Superoxide, hydrogen peroxide and hydroxyl radical, which are mutagens 
produced by radiation, are also by-products of normal metabolism (Wagner et a/., 
1992; Sies, 1986). Lipid peroxidation gives rise to mutagenic lipid epoxides, lipid 
hydroperoxides, lipid alkoxyl and peroxyl radicals (Halliwell and Gutteridge, 1999). 
Some clinical conditions in which oxygen free radicals are thought to be involved are 
shown in Table 1.2. 
Table 1.2. Some clinical conditions related to oxygen free radicals (Aruoma, 1994) 
Target Disease/ Damage 
Brain Parkinson's disease 
Eye Degenerative retinal damage 
Heart and cardiovascular system Atherosclerosis 
Kidney Metal ion-mediated nephrotoxicity 
Gastro-intestinal tract Endotoxin liver injury 
Aging DNA, protein damage 




A broader definition for an antioxidant is any substance that, when present at 
low concentration compared to those of an oxidizable substrate, significantly delays 
or prevents oxidation of that substrate (Halliwell, 1990). The term “ oxidizable 
substrate" includes almost everything found in living cells, including proteins, lipids, 
carbohydrates and DNA (Halliwell, 1990). Therefore antioxidants are of interest to 
both food technologists and biologists, as they prevent rancidity and also help to 
protect the human body against damage by reactive oxygen species (Halliwell et al., 
1995). Although it is fortunate that humans have developed antioxidant defenses to 
protect against 21% Osin the air they breathe in, we have no further defence than 
that level of oxygen (Halliwell, 1994). We can also obtain antioxidants from food. 
Some examples of antioxidants are shown in Table 1.3. 
Table 1.3 Classification of food antioxidants (Rajalakshmi nad Narasimhan, 1996). 
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Antioxidant Examples 
1. Primary Antioxidants 
-Phenols Gallates, hydroquinone, trihydroxy butyrophenone 
-Hindered phenols BHA, BHT, TBHQ, tocopherols, gum guaiac 
-Miscellaneous Ethoxyquin, anoxomer, trolox-C 
2.Secondary antioxidant Thiodipropionic acid, dilauryl ester, distearyl ester 
3.Synergistic Antioxidant 
-Oxygen scavengers Sulfites, ascorbic acid, ascorbyl palmitate, erythrobic acid 
-Chelating agents Polyphosphates, EDTA, tartaric acid, citric acid, lecithin 
-Miscellaneous Nitrites, amino acids, flavonoids, vitamin A 
12 
According to the antioxidants' mode of action, they can be classified as free 
radical terminators, as chelators of metal ions capable of catalyzing lipid oxidation, 
or as oxygen scavengers that react with oxygen in closed systems (Hall and Cuppett, 
1997). Based on function, antioxidants are classified as primary or chain-breaking 
antioxidants, synergists, and secondary antioxidants. Primary antioxidants react 
with high-energy lipid radicals converting them to thermodynamically more stable 
products. Synergistic antioxidants can be broadly classified as oxygen scavengers 
and chelators. Secondary antioxidants which are also known as preventive 
antioxidants, function by retarding the rate of chain initiation by breaking down 
hydroperoxides (Rajalakshmi and Narasimhan, 1996). 
1.2.2 Defence against free radical damage 
Cells clearly require protection from auto-oxidative damage as a consequence of 
normal metabolism. This protection is provided by various ways (Blake et al., 
1987). 
1.2.2.1 Catalytic free radical removal 
Although the rate of superoxide production by cells during normal metabolism 
is relatively high, the intracellular O2concentration is very low at around 10"^^M 
(Freeman and Crapo, 1982). These low levels are maintained both by the 
spontaneous dismutation of superoxide ions to H2O2 and by its catalytic breakdown 
by two superoxide dismutase (SOD) enzymes, one of which is cytosolic and the 
other is mitochondrial. Glutathione peroxidase is also responsible for detoxifying 
organic hydroperoxides such as fatty acid hydroperoxides, nucleotides and steroid 
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hydroperoxides, disulphides as well as oxidised ascorbates produced as a result of 
oxidative stress (Blake et cd., 1987). 
1.2.2.2 Free radical scavenging 
Molecules which react with radicals to produce other radical compounds are 
called scavengers. Some examples are examined here. 
Vitamin E or a-tocopherol is a lipid-soluble antioxidant which can react with 
O2'', OH* and lipid peroxides to form the tocopheryl radical which can be reduced 
back to tocopherol by reducing agents such as ascorbic acid. Tocopherol inhibits 
lipid peroxidation when incorporated into liposomes and may be of physiological 
importance as a membrane-soluble antioxidant (Blake et cd., 1987). 
Reduced ascorbic acid inhibits lipid peroxidation and has both OH* and O2'" 
scavenging activity at high concentrations. In contrast, at low concentrations and in 
the presence of catalytic metal ions, the metal-reducing capacity of ascorbic acid may 
stimulate OH* generation and accelerate lipid peroxidation (Blake et al., 1987). 
Thiol groups (~~SH) are also attacked by free radicals; high concentrations of 
both low molecular weight thiols (e.g. cysteine) and high molecular weight thiols 
(e.g. thiol-rich serum albumin) can act as scavengers for free radicals (Blake et al., 
1987). 
1.2.2.3 Removal of catalytic iron and copper ions 
Removal of free transition metal ions reduces the chance of random OH* 
generation. As transition metals-with their variable valency state-are integral parts 
of many enzyme systems, such damage will have profound metabolic consequences. 
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Free iron concentrations are kept low by binding iron to the iron storage and 
transport proteins ferritin, transferrin and lactoferrin. Caemloplasmin, a 
copper-containing protein, is also a major serum antioxidant capable of inhibiting 
lipid peroxidation at a concentration of lOmg/1 (Blake et a l , 1982). 
1.2.3 Synthetic vs. natural antioxidant 
1.2.3.1 Synthetic antioxidants 
Synthetic antioxidants have been used in stabilization of foods for a long time. 
The most commonly used synthetic antioxidants are butyl at ed hydroxyanisole (BHA), 
butylated hydroxytoluene (BHT), butylated hydroxyquinone (TBHQ), propylgallate 
and nordihydroguaiaretic acid which are applied in fat and oily foods to prevent 
oxidative deterioration (Loliger, 1991). Besides this very limited number of 
chemical substances, there are numerous ready-to-use mixes suitable for lipid 
stabilization for different food applications (Loliger, 1991). These generally 
contain a solvent (vegetable oil), citric acid and one of the above antioxidants. No 
general rule concerning the efficiency of different antioxidants can be given since 
there are many influencing factors, such as the nature of the lipid which requires 
antioxidant protection, the physical state of the food, storage conditions, etc. Levels 
for the use of these antioxidants are generally limited to 100-200 ppm for BHA, BHT 
or TBHQ and often up to 200-500 ppm for the gallates (Loliger, 1991). However, 
BHA and BHT were found to be anticarcinogenic as well as carcinogenic in 
experimental animals. Originally BHA appeared to have tumor initiating as well as 
promoting tumor action. Recently it was established that tumor formation appears 
to involve only tumor promotion (Botterweck et al., 2000). 
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1.2.3.2 Natural antioxidants 
Some natural antioxidants are listed in Table 1.4. Many of these compounds 
are used for the precise purpose of stabilizing foods against oxidative degradation, 
others are present as part of the food components. As carcinogenic properties have 
been reported for some synthetic antioxidants, recent research on the potential 
applications of natural antioxidants for stabilizing foods against oxidation have 
received much attention. For example, both vitamin E and C have been studied in 
vivo and in vitro with redox reactions related to autoxidation. Numerous scientists 
have developed evidence for the lipid-autoxidation-dependent radical exchange 
reactions of these vitamins (Aruoma and Halliwell, 1991). In recent years, much 
attention has been drawn to antioxidants from spice and herb (Aruoma et a l , 1996; 
Madsen, et aL, 1996; Gu and Weng, 2001; Lim et al., 2001). 
Table 1.4 Some naturally occurring antioxidants (Duell, 1996). 
Antioxidant Sources 
Vitamin E Vegetable oils, nuts, liver, egg yolk 
Carotenes Orange fruits and vegetables, green beans 
Ascorbic acid Fresh fruits, potatoes, vegetables 
Flavonoids Colored fruit and vegetable skins 
Selenium Grains, meat, some garlic 
Lycopene Tomatoes, red grapefruit 
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1.3 Measurements of antioxidant activity 
Lipid peroxidation is a complex process and occurs in multiple stages. Hence 
many techniques are available for measuring the rate of peroxidation of membrane 
lipids, lipoproteins or fatty acids. Each technique measures different parameters, 
and no single method could give a complete picture of lipid peroxidation. 
1.3.1 Loss of substrate 
1.3.1.1 Beta-carotene bleaching method 
This is a quick and simple method of measuring potential antioxidant activity. 
In this method, antioxidant activity is measured by the ability of a compound/extract 
to minimize the loss of beta-carotene during the coupled oxidation of linoleic acid 
and beta-carotene in an emulsified aqueous system which generates free radical 
(Fukumoto and Mazza, 2000). The linoleic acid free radical formed upon the 
abstraction of a hydrogen atom from one of its methylene groups attacks the highly 
unsaturated beta-carotene molecules. As beta-carotene molecules lose their double 
bonds, the system loses its characteristic orange color (Wettasinghe and Shahidi, 
1999). The reaction is usually initiated by using heat (50°C). Oxidation of the 
beta-carotene emulsion is monitored spectrophotometrically at 470nm. 
1.3.2 Measurement of free radical scavenging 
1.3.2.1 Scavenging of l,l-diphenly-2-picrylhydrazyl radical (DPPH*) 
This measures the reduction of DPPH* by an antioxidant which results in a 
decrease of absorbance at 520nm. DPPH* is a stable free radical and has a dark 
violet color. Absorbance decreases as a result of a color change from purple to 
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yellow as the radical is scavenged by antioxidants through donation of hydrogen to 
form the stable DPPH-H. 
DPPH. + A — DPPH—H + A ' (23) 
The more rapidly the absorbance decreases, the more potent the antioxidant activity 
of the compound in terms of hydrogen donation ability (Gadow et al., 1997). 
1.3.2.2 Superoxide scavenging 
Superoxide anions (O2*") can be generated by the hypoxanthine-xanthine 
oxidase system. At pH 7.4，O2'" reduces the tetrazolium blue into formasan blue 
(max but after addition of some radical scavengers (e.g. phenolic compounds), 
the formation of formasan blue is restricted and absorption at 560nm decreases. 
Thus, absorption at 560nm is proportional to the amount of residual O2*' (Gaulejac et 
aL, 1999). 
1.3.2.3 Hydrogen peroxide scavenging 
Hydrogen peroxide (H2O2) is easily and sensitively measured by using 
peroxidase-based assay systems. The most commonly used is horseradish 
peroxidase which can react with H2O2 to oxidize phenol red into a purplish-red 
product. The assay- can be started by adding horseradish peroxidase and phenol red 
solution to the reaction system. The reaction can be retarded by ice bath and the 
absorbance at 610nm was read immediately. So, i f a H2O2 scavenger is incubated 
with H2O2 and the reaction mixture is sampled for analysis of H2O2 at different time 
intervals, rates of loss of H2O2 can be measured to allow the calculation of rate 
constant of oxidation (Yen and Hsieh, 2000). 
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1.3.2.4 Hydroxyl radical scavenging 
Hydroxyl radical is reactive. It combines with almost all molecules found in 
the food matrix or in living cells. Thus, almost everything in food or in vivo can be 
regarded as an OH* scavenger: no specific molecule has evolved for this role. It is 
much more likely that an antioxidant that interferes with damage caused by OH* wi l l 
not act by direct OH* scavenging, but by scavenging or blocking formation of its 
precursors (02*', H2O2, HOCl, ONOO") and /or by binding the transition metal ions 
needed for OH* formation from O2•“ and H2O2 (Halliwell et al., 1995). 
In rat brain lipid peroxidation assay, hydroxyl radicals are generated by a 
mixture of ascorbic acid and FeS04. Those radicals that are not scavenged by 
antioxidative components of the reaction mixture attack the rat brain lipid，degrading 
it into a series of fragments, some or all o f which react on heating with thiobarbituric 
acid (TBA test). The percentage inhibition of lipid peroxidation is calculated as the 
extent of OH* scavenging activity (Ng et al., 2000). 
1.3.2.5 Peroxyl radical 
Peroxyl radicals can be generated at a controlled rate by the thermal 
decomposition of a water-soluble azo-initiator, such as 2,2'-azo-bis(2-
amidinopropane)dihydrochloride (AAPH). This yields carbon-centered radicals, 
which react fast with oxygen to give peroxyl radicals. They are allowed to react 
with a lipid and cause peroxidation. In the assay for erythrocyte hemolysis, the 
generated radicals mediate oxidation of membrane lipid in erythrocytes and 
eventually lead to membrane damage resulting in lysis (Sugiyama et al., 1993). 
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The oxidation of lipid (LH) in red blood cell membranes proceeds by the following 
mechanism: 
Chain initiation: 
R-N=N-R (AAPH) — [R.N2-R]cage + O2— 2R00" + N2 (24) 
ROO" + L H + O2 ROOH + LOO. (25) 
An AAPH decomposes unimolecularly to give nitrogen and radicals surrounded by a 
solvent cage (24). Many of them escape from the solvent cage to give initiating 
free radicals at a constant rate in the aqueous phase. An initiating radical attacks 
membrane components and generates lipid peroxy radical (25). 
Chain propagation: 
LOO. + L H LOOK + L" (26) 
L ' + O2 LOO" (27) 
The lipid peroxy radical attacks another lipid molecule to yield lipid hydroperoxide 
and new lipid radical (26). Reactions of chain propagation take place repeatedly to 
generate a free radical chain. Thus, the oxidation proceeds by a free radical chain 
mechanism, and one single initiating radical can produce many lipid hydroperoxides 
and eventually cause membrane damage (Mik i et a l , 1987). Ascorbic acid is an 
excellent scavenger of water-soluble peroxyl radicals (Wayner et al., 1986) and can 
be used as a standard. 
Lipid-soluble peroxyl radicals (e.g. trichloromethylperoxyl) can be formed by 
mixing carbon tetrachloride, propan-2-ol and buffer and exposed to ionizing 
radiation, producing hydrated electrons and OH* (Alfassi et al., 1993). 
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1.3.3.Measurement of end product 
1.3.3.1 Diene conjugation 
The oxidation of polyunsaturated fatty acids (PUFAs) is accompanied by the 
formation of conjugated diene structures with a double-single-double bond 
arrangement. They absorb ultraviolet (UV) light in the wavelength range of 
230-235nm. An increase in the absorption at 233nm is considered as an evidence of 
the formation of conjugated dienes, and the oxidation index can be calculated from 
the ratio of the absorbances (A233/A215) (Babincova et al., 1999). Measurement of 
UV absorbance at these wavelengths is useful as an index of peroxidation in studies 
on pure lipids and isolated lipoproteins and has the advantage of measuring an early 
stage in the peroxidation process. Greater sensitivity for the diene conjugation 
method can be achieved by using HPLC separation of different diene conjugates 
(Fukumoto and Mazza, 2000). 
1.3.3.2 Light emission 
Several groups have used low level chemiluminescence as an index of oxidative 
stress (Halliwell and Gutteridge, 1999). Stimulation of peroxidation in isolated 
membrane systems or in perfused animal organs is usually accompanied by increased 
light emission. Hence one source of light in vivo is lipid peroxidation. 
Chemiluminescence has the advantage in lipid hydroperoxide determination due to 
its high sensitivity and speed. The reaction mechanism of lipid hydroperoxides in 
the assay mixture is assumed to be: 
LOOH + microperoxidase LO* (28) 
L 0 ' + isoluminol (QH") — LOH + semiquinone radical (Q* ) (29) 
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Q'" + 02 Q + O2•“ (30) 
Q*' + O2'" — isoluminol endoperoxide — light (31) 
When an antioxidant is present in the assay mixture, it scavenges the oxyradical (L0 ' ) 
and quenches the production of light. Thus, by using a constant amount of lipid 
hydroperoxide (oxyradical donor) the ability of antioxidants can be estimated by the 
decrease in chemiluminescence (Hirayama et al., 1997). The isoluminol commonly 
used is 6-amino-2,3-dihyro-1,4-phthalazinedione. 
1.3.3.3 The thiobarbituric acid (TBA) test 
The thiobarbituric acid (TBA) test or thiobarbituric acid-reactive substances 
(TEARS) is one of the oldest and most frequently used tests for measuring the 
peroxidation of fatty acids, membranes and foods. One advantage of the TBA test 
is its ease of use and it works on biological material. Small amounts of ‘free’ 
malondialdehyde (MDA) are formed during the peroxidation of most membrane 
systems. MDA reacts with TBA to generate a coloured product. In acid solution 
the product absorbs light at 532nm and fluoresces at 553nm (Buege and Aust, 1978). 
1.3.4 Low-density lipoprotein oxidation 
Low-density lipoprotein (LDL) is a main carrier of free and esterified 
cholesterol in the body. There is much evidence that oxidation of LDL leads to 
foam cell formation which correlates with atherosclerosis (Esterbauer et a l , 1992). 
In LDL oxidation studies, LDL is first isolated from plasma by a lengthy process of 
centrifugation. It is then oxidized in vitro, usually by incubation with Cu^^ ions, 
such as copper(II) sulphate The time course of oxidation can be followed by 
22 
measuring the increase of TEARS. The experimental parameter defined by most 
• • • 2 务. 
investigators using Cu -stimulated LDL oxidation is the lag phase or lag period, i.e. 
the time taken before peroxidation of a given sample of LDL subjected to oxidative 
challenge begins to accelerate (Halliwell and Gutteridge, 1999). 
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1.4 Phenolic antioxidant 
1.4.1 Chemistry 
Phenolic compounds are a diverse class of chemicals containing hydroxyl 
groups attached to a benzene ring. The major or common phenolic constituents of 
plants can be divided broadly into two main groups: 1. Phenolic acids (Ce-Ci) such 
as caffeic acid (Fig.lb) and gallic acid (Fig.la); 2. Flavonoid compounds (C6-C3-C6) 
such as anthocyanin and flavonol (Ribereau-Gayon, 1972). The basic structure of 
flavonoids is shown in Fig.lc. Some phenolic compounds were found to have 
antioxidant activity (Saleh et al., 1998; Gaulejac et a l , 1999). They function as free 
radical terminators and sometimes also as metal chelators. Phenolic compounds 
and some of their derivatives are very efficient in preventing auto-oxidation; however, 
only a few phenolic compounds (e.g BHA, BHT) are currently permissible by law as 
food antioxidants. The major considerations for accepting such antioxidants are 
their activity and potential toxicity. The approved phenolic antioxidants have been 
studied extensively, but the toxicology of their degradation products is still not clear 
(Stich, 1991; Decker, 1997; Iverson, 1999). 
OH H ( \ 
HO I \ 
= C H — c o o h 
(a) Gallic acid (b) Caffeic acid 
8 1, B 
7 5’ 
� A IT C P 6, 
(c) Basic structure and numbering system of flavonoids. 
Fig. 1.1 The chemical structures of some phenolic compounds. 
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1.4.2 Mechanism of action of phenolic antioxidants 
Phenolic antioxidants (AH) interfere with lipid oxidation by rapid donation of a 
hydrogen atom to lipid radicals. 
ROO. + A H — ROOH + A. (32) 
R0 . + A H — R O H + A . (33) 
The latter reactions compete with chain propagation reactions 
R 0 ' + A. — ROA (34) 
ROO. + R H - > ROOH + R' (35) 
The resulting phenoxy radical (A*) itself must not initiate a new free radical or be 
subjected to rapid oxidation by a chain reaction. In this respect, phenolic 
antioxidants are excellent hydrogen or electron donors and in addition, their radical 
intermediates are relatively stable due to resonance delocalization and lack of 
suitable sites for attack by molecular oxygen. The phenoxy radical formed by 
reaction of a phenol with a lipid radical is stablized by the delocalization of unpaired 
electrons around the aromatic ring (Shahidi et al., 1992). 
1.4.3 Isolation and characterization 
1.4.3.1 Extraction 
Analysis of phenolics begins with their extraction. The extraction procedure 
depends on the type of sample to be analyzed, the type of phenolic compounds that 
one is interested in measuring, and the analytical procedure to be used. Solvents 
frequently used for the extraction of phenolic compounds include methanol, ethanol, 
acetone, water, ethyl acetate, propanol and their combinations. Usually, additional 
steps are required in order to purify the isolates and to remove components that may 
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interfere with the subsequent analysis (Lee and Widmer, 1996). 
For the analysis of phenolic acids, hydrolysis followed by solvent extraction or 
direct extraction without hydrolysis are the main techniques used to prepare samples 
(Kader et al., 1996; Hakkinen et al., 1999; Hakkinen and Torronen, 2000). 
Hydrolysis of bound acids into free acids allows the determination of total phenolic 
acid content. The most common solvents used are ethyl acetate, diethyl ether, 
methanol and aqueous methanol. Ethyl acetate has a slightly better extraction rate 
for acids and aldehydes of relative low molecular mass. However, extraction 
reproducibility is greater with diethyl ether. Therefore, diethyl ether is considered 
more appropriate for extraction of phenolic acids from foods. In situations where 
one also wants to extract compounds of relative higher molecular mass, ethyl acetate 
is a more appropriate solvent (Lee and Widmer, 1996). 
Some phenolic acids are very sensitive to light and oxidation. They are 
subjected to isomerization and degradation during processing and sample preparation 
(Lee and Widmer, 1996). An acidic sample matrix can help to stabilize and prevent 
isomerization of phenolics because the nondissociated acids have a higher stability 
than acids in ionized form. Thus, it is recommended for phenolics samples to be 
analyzed within 24 hours of extraction (Lee and Widmer, 1996). 
Polar flavonoids occurring in the form of glycosides or bound to some other 
polar acyl group (e.g. organic acid) can sometimes be extracted with hot water. 
Usually the use of organic solvents is necessary for complete extraction of phenolic 
compounds. The most common solvents used are methanol, ethanol, isopropanol 
and acetone. For less polar aglycones and highly methoxylated aglycones which 
are frequently confined to the exterior surfaces of fruits and vegetables, less polar 
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solvents such as dichloromethane, chloroform, benzene, diethyl ether and ethyl 
acetate are used (Lee and Widmer, 1996). 
When phenolics are isolated from beverages containing alcohol, it is necessary 
to remove the ethanol by degassing or evaporation at first. In some circumstances it 
is necessary to remove nonpolar substances such as fatty substances and pigments. 
These components can frequently adsorb irreversibly to the column packing 
materials under the conditions of phenolic analysis and quickly ruin the column. 
Removal of interfering waxes and lipids can usually be accomplished by first dipping 
the fruit or plant in hexane, since most flavonoids have a very limited solubility in 
this solvent. Often a liquid sample or crude extract is partitioned with hexane, 
isooctane or petroleum ether to remove lipids, carotenoids and other nonpolar 
substances (Hayes et al., 1987). 
1.4.3.2. Analysis of phenolic compounds 
Due to the large number and chemical complexity of phenolic compounds in 
plants, the analytical procedures for individual phenolic compounds are relatively 
difficult and complicated. Analysis for phenolic compounds in food products can 
vary from simple colorimetric tests for detection to use of sophisticated 
instrumentation for separation, quantitation and characterization of individual 
components (Lee and Widmer, 1996). 
1.4.3.2.1. Colorimetric method 
Colored phenolics detection is relatively easy, e.g. anthocyanins are red. 
Ammonia or addition of strong alkali wil l cause color development or a color change 
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in most phenolic compounds. Colorless phenolic compounds can usually be 
detected in extracts by their UV absorbance (200-400nm) as well. Other tests 
causing a color response with all or most phenolics include Folin reagents, vanillin 
and potassium ferricyanide-ferric chloride (Jork et al., 1990). 
1.4.3.2.2. Enzymatic method 
Various enzymatic assays using phenol hydroxylase, tyrosinase or polyphenol 
oxidase as well as biosensors have been reported for phenolic compounds. Recently, 
a new enzymatic assay (Mosca et a l , 2000) was developed. It is a 
substrate-recycling assay for phenolic compounds that employs tyrosinase in the 
presence of excess NADH. The reaction of various phenols with the enzyme 
produces an o-quinone, which is detected by recycling between reactions with the 
enzyme and NADH. Results suggested that this new enzymatic method was a 
better estimation of the polyphenol content when compared to the colorimetric 
method. 
1.4.3.2.3. Paper chromatography 
One of the classical chromatography techniques used to isolate and separate 
phenolic constituents in food is preparative paper chromatography (PC). 
Two-dimensional PC represents one of the best methods for the rapid separation of 
mixtures of flavonoids from crude methanol or methanol-water extracts of dried 
plant material. Mixture of butanol/acetic acid/water was commonly used in one 
dimension followed by development with acetic acid at a perpendicular angle (Mabry 
et al., 1970). While this technique has the advantage of being very inexpensive, 
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development times are long (e.g. 24 hours) and the aforementioned technique has 
largely been replaced by more efficient techniques as they were developed, such as 
thin-layer chromatography and high-performance liquid chromatography. 
1.4.3.2.4. Thin-layer chromatography 
The principles of separation in thin-layer chromatography (TLC) are similar to 
those in paper chromatography. Although the costs of TLC are slightly higher than 
PC, commercially available plates coated with adsorbents on plastic and glass 
support, with a much more uniform layer than paper can be found. Separations 
performed by TLC have the convenience and simplicity of PC but have much faster 
development times (e.g. several minutes) and better resolution. Available 
adsorbents are identical to those available for column and high-performance liquid 
chromatography. They include silica and polyamide for normal phase separations 
and cyanopropyl, octyl and octadecyl for reverse phase materials (Lee and Widmer, 
1996). Plates are also available in several thicknesses for preparative or analytical 
work. 
1.4.3.2.5. UV-Vis absorption spectroscopy 
The solvents commonly used to record absorption spectra have been methanol 
or ethanol. With the more recent coupling of UV to HPLC instrumentation for 
detection; acetonitrile, acetonitrile-water and alcohol-water mixtures with or without 
small amounts of acid as mobile phase have become common solvents in which 
absorption spectra are recorded (Lee and Widmer, 1996). The information gained 
by the use of shift reagents, causing pronounced bathochromic (longer wavelength) 
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shifts depending on the type and pattern of substitution, may also be utilized in 
HPLC analysis. Shift reagents in common use include sodium methoxide, 
aluminium chloride, aluminium chloride in dilute hydrochloric acid, sodium acetate 
and sodium acetate/boric acid (Lee and Widmer, 1996). Absorption maxima are 
influenced by pH as well as the solvent used to record the spectra, so both the pH and 
the solvent should be recorded when recording absorption spectra. 
Each group of phenolic compounds is characterized by one or several light 
absorption maxima. Flavonoids typically have two major ultraviolet absorption 
bands the first between 320 and 380nm (band I) and the second between 240 and 
270nm (Band 2). Band I is arisen from the absorption of the B-ring portion of the 
flavonoid molecule; band 2 comes from absorption of the A-ring. In flavones, band 
I is most intense at 320-350nm. In flavonols, band I occurs between 350-380nm. 
Both have a second strong band in the 250-290nm region. Flavanones have one 
strong absorption maxima between 270 and 295 nm with a small peak or shoulder 
occurring between 300 and 360nm (Lee and Wider, 1996). 
1.4.3.2.6. High-performance liquid chromatography 
High-performance liquid chromatography (HPLC) is the most commonly used 
chromatographic method for the various phenolic compounds in food. HPLC offers 
high resolution and efficiencies over PC and TLC. A wide range in selectivity is 
available through the many solvent combinations and column packings available. 
Accurate high-pressure pumps allow fast analysis times with a high degree of 
reproducibility. HPLC is also easily coupled to a variety of detectors allowing 
selective or universal detection of components, some of which provide structural 
30 
information about the eluting components. 
In most cases, the reported systems for the separation of phenolics and their 
glycosides in foods were carried out by reverse phase chromatography on 
silica-based CIS-bonded phase columns. Occasionally, silica columns bonded with 
C8 or C6 are also used. The average particle diameter of HPLC packings is 
typically 3-10|im (Lee and Widmer, 1996). 
Most solvent systems used in analytical HPLC include binary gradient elutions 
and isocratic elution. Gradient or isocratic elution using solvents of aqueous acetic, 
formic or phosphoric acids with methanol or acetonitrile (AcN) as organic modifier 
is common. Acetonitrile gives better resolution in shorter times than methanol. 
An H2O/ACN gradient is often employed to reduce the elution time and to sharpen 
the peak shape for the late eluting phenolics and to improve quantitation at low 
concentrations. On the other hand, a change in pH that increases the ionization of a 
sample could reduce the retention in a reversed phase separation. Thus small 
amounts of acetic acid (2-5%), phosphoric or trifluoroacetic acid (0.1%) are included 
in the solvent system to suppress ionization of phenolic and carboxylic groups and 
hence improve the resolution and reproducibility of runs (Lee and Widmer, 1996). 
1.4.4. Natural sources of phenolic antioxidants 
1.4.4.1 Olive oil 
Olive oil extract inhibits LDL oxidation in a manner that is proportional to their 
phenolic concentration, as estimated by an enzymatic assay. This assay employs 
tyrosinase in the presence of excess NADH. The reaction of various phenols with 
the enzyme produces an o-quinone, which is detected by recycling between reactions 
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with the enzyme and NADH. The radical-scavenging capacity also reveals that the 
activity is directly related to the polyphenol content (Mosca et al., 2000). 
1.4.4.2 Berry 
Berry extract shows high total phenolic contents and high antioxidant activity. 
At the 500ppm extract level, inhibition of conjugated diene hydroperoxides was over 
90% by crowberry, rowanberry, cloudberry, cranberry, whortleberry, aronia, 
gooseberry, bilberry and cowberry extracts (Kahkonen et al., 1999). Raspberry and 
black currant were somewhat less active with inhibitions of 88% and 83%, whereas 
red currant and strawberry were the least active berry extracts, giving inhibitions of 
60 and 57% only (Kahkonen et al., 1999). The high antioxidant activity of berry 
may be due to the presence of anthocyanins, flavonols, ellagic acid, ferulic acid and 
hydroxycinnamic acid derivatives (Chen and Ho, 1997). 
1.4.4.3 Cherry 
Methanolic extracts of dried Balaton and Montmorency tart cherries {Prunns 
• 2+ • cerasus) inhibits lipid peroxidation induced by Fe at 25ppm concentrations (Wang 
et al., 1999). Further partitioning of this methanol extract with ethyl acetate yielded 
a fraction that inhibited-lipid peroxidation by 76% at 25ppm. Purification of this 
ethyl acetate fraction afforded eight polyphenolic compounds including chlorogenic 
acid (Wang e/a/., 1999) 
1.4.4.4 Red wine 
The anthocyanin fraction obtained from an Italian red wine is effective both in 
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scavenging reactive oxygen species and in inhibiting lipoprotein oxidation and 
platelet aggregation. The high activity in these tests can be explained by both the 
high concentration of anthocyanin in red wine and its antioxidant efficiency (Ghiselli 
et al., 1998). In other studies, lipid peroxidation catalyzed by myoglobin, 
cytochrome c and iron ascorbate was inhibited by wine phenolics at concentrations 
of 0.2, 0.35 and 0.9|ig of phenolics/ml (Kanner etal., 1994). 
1.4.4.5 Herb 
The antioxidative activity of water extracts of three herbs, including the flower 
of Chrysanthemum morifolium Ramat (FCMR), the calyx of Hibiscus sabdariffa L. 
(CHSL) and roasted seed of Hordeum vulgare L. (RSHVL) were investigated by Duh 
and Yen (1997). FCMR, CHSL and RSHVL showed marked antioxidative activity, 
not only in linoleic acid but also in liposome model systems, indicating that the three 
herbal water extracts may protect the cell from damage by lipid peroxidation. The 
three herbs possessed high contents of phenolic compounds and exhibited reducing 
power. The water extracts of the three herbs also showed good hydrogen-donating 
abilities, indicating that they had effective activities as radical scavengers. 
• 1.4.4.6 Vegetables 
Extracts from green and purple leaves of sweet potatoes (185 and 427mg/kg, 
respectively) and the outer leaves of onion (264mg/kg) possess high amounts of 
flavonoids that have more than 85% of free radical scavenging activities evaluated 
by using 1,1 -diphenyl-2-picrylhydrazyl, superoxide and hydroxyl radicals (Chu et al., 
2000). 
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1.5 Mushroom sample 
Mushrooms are increasingly become an important source of health food because 
they have a pleasing flavor, fine texture, adequate protein content and health benefits. 
In Chinese society, the four most common and important cultivated mushrooms are 
Lentinus edodes (shiitake), Volvariella volvacea (straw mushroom), Pleurotiis sp. 
(oyster mushrooms) and Agaricus bisporus (button mushroom) (Chang, 1980). 
Three mushrooms had been selected for use in this research. They were Pleurotm 
tuber-regium, Lentinus edodes and Volvariella volvacea. 
1.5.1 Pleurotm tuber-regium 
P. tuber-regium (Fr.) Sing, is a basidiomycete found in tropical and subtropical 
regions of the world. It forms a large subterranean sclerotium composed of fungus 
tissue-which is spherical to ovoid in shape and can sometimes be up to 30cm or more 
in diameter. P. tuber-regium initially infects dry wood where it produces a 
sclerotium which may become buried in the soil. I f the sclerotium is kept in a warm 
and humid place, it continues to produce fruiting bodies one after another over a 
period of time. The fungus is consumed popularly in Nigeria. The sclerotium is 
ground into powder before it is used for preparing soup. The fruiting bodies serve 
as food as well as for medicinal purposes. (Oso，1977). 
1.5.2 Lentinus edodes 
L edodes is a cultivated edible fungus popular in Japan for the past three 
centuries. Fresh or dried L edodes is used in Japanese and Chinese dishes because 
of its highly desirable taste and aroma. It is also quite nutritious. It contains about 
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and named as "Lentinan". L. edodes does not only have antitumor property but also 
has hypolipidemic effect. An agent, eritadenine, for reducing serum cholesterol was 
isolated from the 80% ethanol extract of the fruiting bodies of L. edodes (Mizuno, 
1995). 
1.5.3 Volvariella volvacea 
V volvacea belongs to the Amanitacea family. It is widely cultivated as food 
in China and other regions of Southeast Asia. The fruiting body of V. volvacea is 
egg-shaped at first and has a grayish-brown cap (Fig. 1.4). Its characteristic shape 
and texture have made it popular in many Chinese dishes. It contains about 21-30% 
protein and 6-10% fat (Breene, 1990). The P-glucan in V. volvacea was also found 
to have antitumor activities in many studies (Misaki and Kishida, 1995). 
Fig. 1.2 The sclerotia of Pleurotus tuber-regium. 
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Fig. 1.3 The fruiting bodies of Lentinus edodes. 
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Fig. 1.4 The fruiting bodies of Volvariella volvacea. ^^^^^ 
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1.5.4 Antioxidants in fimgi or mushroom 
Most of the research on antioxidant activities of mushrooms or mushroom 
extracts has been conducted in Japan and Korea. In one studies, the antioxidant 
activities of ethanol extracts of 150 mushrooms species were evaluated (Kasuga et a/., 
1993). Among them, 27 species had especially strong antioxidant activities on 
methyl linoleater. From the taxonomical point of view, it was found that many 
species belonging to the Boletaceae family had strong antioxidant activities and most 
species belonging to Suillus family especially showed very strong activities (Kasuga 
et a l , 1993). Table 1.5 shows the antioxidant activity of some organic solvent 
extracts from mushrooms. 
Table 1.5 Profile of antioxidant activity of mushroom extracts extracted with various solvents (Kasuga 
et al., 1993) 
Name Petroleum ether Diethyl ether Ethanol 
xl/10* x l * * xl/10* x l * * x l * xl/10** 
Akayamatake + 
Shiroooharatake - - + + + ++ 
Hidahatake - - + 
Oogitake ++ - -i-h + -h-
Kugitake + + ++ + ++ 
Numeriiguchi + + - + + - + + 
Hanaiguchi + + - + + - + + 
Chichiawatake - -H- + -H- -H- ++ 
Shironumeriiguchi + -H- + + + + + + 
Amitake + + - + + - + + 
Kinoboriiguchi + + + + ++ + ++ 
Murasakinaginatatake - + -H-
Karasutake ++ -H- -H- -i-f-
Kurokawa + + + + - + + 
Tonbimaitake - ++ 
Svouro - ++ - -H- -K- -hf-
++: POVs/POVc < 0.2 +: 0.2 < POVs/POVc < 0.5 POVs/POVc > 0.5 
POVs: Peroxide value with the sample POVc: Peroxide value of control 
**: Four grams of dried sample was extracted with petroleum ether, diethyl ether and ethanol 
successively and then made up to 50ml. *: It was diluted to ten times. 
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Several compounds isolated from mushrooms were found to have antioxidant 
activities. In one study, two major antioxidative compounds isolated from a wild 
mushroom, Suillus bovinus (L. Fr.) O. Kuntze, had their antioxidative activity 
compared with BHA and tocopherol. One compound was an orange pigment 
identified as variegatic acid and the other was an orange-red pigment, possibly 
diboviquinone. The variegatic acid had strong antioxidative activity in an emulsion 
system as shown by peroxide value of linoleic acid and in an oil system as shown by 
peroxide value of methyl linoleate and weight gain of soybean oil. The second 
compound was active only in the emulsion system (Kasuga et al., 1995). In another 
study, flavoglaucin has been found to be an excellent antioxidant and synergist 
(Ishikawa et a l , 1984). It is a phenolic compound isolated from the mycelial mats 
oiEurotium chevalieri. Under auto-oxidation conditions, flavoglaucin remarkably 
synergized with tocopherol and stabilized many edible oils and fats. Also, 
flavoglaucin is not mutagenic to Salmonella typhimurium TA 100 and TA 98 
(Ishikawa et a l , 1984). 
Ganoderma sp. have a long history of use as traditional Chinese medicine in 
China and Japan (Arisawa, 1986). The methanolic extracts of Ganoderma tsugae 
showed strong antioxidant activity (Yen and Wu, 1999). The methanolic extract 
exhibited substantial antioxidant activity in the linoleic acid and rat liver microsome 
peroxidation systems. The antioxidant activity of the methanolic extract of G. 
tsugae was stronger than that of a-tocopherol. The extract had a strong chelating 
effect on Fe^^ and showed a marked and concentration-dependent scavenging activity 
on the 1,1 -diphenyl-2-picrylhydrazy 1 (DPPH) radical. It also exhibited a strong 
scavenging effect on the hydroxyl radical as measured by electron paramagnetic 
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resonance spectrometry (Yen and Wu, 1999). 
In view of these results, mushrooms may be a potential source of antioxidant 
and the antioxidant activity may be contributed from phenolic compounds. 
1.5.5. Polyphenols of mushrooms or fungi 
Mushrooms or fungi accumulate a variety of secondary metabolites including 
phenolic compounds, polyketides, terpenes and steroids. Phenolic compounds are 
metabolites derived from intermediates of the shikimic acid pathway for the 
biosynthesis of aromatic compounds. The aromatic compounds can be divided into 
(1) simple benzene derivatives, (2) diphenylbenzoquinones and related compounds 
and (3) a few miscellaneous compounds (Turner, 1971). The simple benzene 
derivatives include caffeic acid, protocatechuic acid, gallic acid, etc. Many of the 
simple phenolic compounds are usually classified as “ Ce-Cs", “ C6-C2" or “ Ce-Ci" 
compounds according to the length of the side-chain. The shikimic acid pathway 
plays a smaller part in the secondary metabolism of fungi. One C6-C3-C6 
compounds have been isolated from fungi. This is chlorflavonin (Bu'Lock, 1967) 
(Fig. 1.5a). C6-C1 compounds can arise in other ways. Protocatechuic acid and 
gallic acid are formed from dehydroshikimic acid. Ce-Ci compounds might also be 
formed by stepwise degradation of C6-C3 compounds via C6-C2 compounds (Turner, 
1971). Diphenylbenzoquinones and related compounds include polyporic acid 
(Fig. 1.5b) (Thomson, 1987), volucrisporin (Fig. 1.5c) (Divekar et al., 1959, Read et 
al., 1962, Chandra et al., 1966), leucomelone (Fig.l.Sd), etc. Most compounds 
were isolated from the fruiting bodies of the Basidomycetes. One of the 
miscellaneous compounds is hispidin (Fig.l.5e). This is an orange pigment isolated 
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from the fruiting body of Polyporus hispidus, probably resulted from condensation of 
caffeic acid with two C2-units (Turner, 1971). In recent years, some novel phenolic 
metabolites were isolated from the Boletus sp. fungus such as ornatipolide (Fig.l.Sf) 
in Boletus ornatipes (Shibata et al., 1998) and Asiaticusin in Boletinus asiaticus and 
B. paluster (Wada et al, 1996). 
The potential of basidiomycetes to produce volatile flavors is of considerable 
interest with regard to their biotechnological utilization, because the present supply 
of flavors is mainly limited to the biosynthetic capabilities of natural plants. 
Phenolics constitute a major group of fungal volatiles. They include 
4-methylphenol, 3-methoxy-5-methylphenol, 4-methoxyphenol producing smoky, 
woody and sweety smells (Abraham and Berger, 1994). 
Browning reaction in fruits and vegetables is recognized as a serious problem in 
the food industry. The browning of mushrooms upon storage is a rather complex 
process. Polyphenols are one of the causes of the browning of skin tissue in 
mushrooms, as they are major substrates of polyphenol oxidase (PPO). The 
principal phenolic compound in mushrooms is glutaminyl-4-hydroxybenzene (GHB) 
(Fig.l.5g). The PPO monophenolase-mediated hydroxylation of GHB produces 
glutaminyl-3,4-dihydroxybenzene (GDHB) (Fig.l.5h). In order to reduce the 
browning effect, some treatments are introduced. Washed mushrooms can lower 
10% of soluble phenols and have a lower tendency to undergo enzymatic browning 
during storage (Choi and Sapers, 1994, Sapers et al., 1994). Most of the reduction 
in browning in washed mushroom is due to the loss from skin and stipe tissues, 
indicating that some soluble phenols were leached out during washing. Washing 
also lowered the major PPO substrates (tyrosine, GHB, L-DOPA and GDHB) in skin 
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and stipe tissue by 20% and 50% respectively (Choi and Sapers, 1994). Sodium 
hypochlorite is used widely as a sanitizer in food processing and is also applied to 
mushrooms during watering and washing to postharvest storage. When the 
mushrooms treated with NaOCl at 25°C, there was a degradation of GHB and 
tyrosine as well as considerable depletion of more polar phenolic compounds. These 
suggested that polar compounds were more susceptible to oxidation; and degradation 
by NaOCl and reduction of GHB and GDHB contents in the skin tissue of 
mushrooms occurred during washing operations (Choi and Sapers, 1994). 
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Fig. 1.5 The chemical structures of various phenolic compounds 
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1.6 Objectives of this research 
1. To assess initially the potential antioxidant activity of the methanol and water 
crude extracts from the mushrooms mentioned in 1.5.1-1.5.3. 
2. To evaluate the effect of temperature on extraction of potential antioxidant 
compounds in the methanol and water crude extracts from the above 
mushrooms. 
3. To evaluate the effect of concentration of mushroom crude extracts (methanol 
and water) on antioxidant activity. 
4. To investigate the possible mechanisms of the antioxidant activity of the 
mushroom extracts (methanol and water crude extracts and their sub-fractions) 
by different antioxidant assays: beta-carotene bleaching method, DPPH radical 
scavenging activity, hemolysis of red blood cell，lipid peroxidation of rat brain 
homogenates and LDL oxidation. 
5. To characterize the possible antioxidant compounds by fractionation and 
chromatography. 
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CHAPTER TWO : MATERIALS AND METHODS 
2.1 Sample Collection 
The sclerotia of Pleurotus tuher-regium were supplied by the Sanming 
Mycological Institute of the Fujian Province in China. The fruiting bodies of 
Lentinus edodes and Volvariella volvacea were bought from local markets in 
Feburary 2000. 
2.2 Sample Preparation 
The fruiting bodies of L edodes and V. volvacea were cleaned to remove any 
residual compost and then freeze-dried. The dried sclerotia of P. tuher-regium were 
brushed to remove the soil and dust adhered onto their outer surfaces. A l l dried 
mushrooms were then ground by a Cyclotech mil l (Tecator, Hoganas, Sweden) 
through a 0.5mm sieve and then stored in air-tight plastic bags in a dessicator at 
room temperature for further analysis. 
2.3 Moisture Content 
The moisture content of the three mushroom powders was determined by an 
infrared moisture analyzer (Mettler LJ16, Greifensee, Switzerland). Infrared 
radiation of wavelength 2|Lim to 3.5iLim with a temperature of 120°C were set in the 
analyzer. About 3 grams of each sample was weighed into an aluminium pan which 
was then placed in the analyzer. The heating process was started and results (in 
term of % dry weight) were recorded and printed automatically every 30 seconds. 
Measurement was taken whenever two identical results appeared consecutively. 
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2.4 Solvent extraction 
Four extraction schemes were used in this research (Fig.2.1). The first two 
schemes were used to initially assess the potential antioxidant activity o f the 
methanol and water crude extracts from the mushrooms. In scheme I, only the 
water-soluble/ polar extract was assessed for antioxidant activities. The extraction 
of antioxidant components by water was commonly used (Matsuzawa et aL, 1997; 
Gazzani et al., 1998; Baublis et al., 2000; Yen and Hsieh, 2000; Yokozawa et a/., 
2000). As scheme I only assessed the antioxidant activity o f the water-soluble 
fraction in the mushrooms, scheme I I was developed to assess the less polar solutes 
in mushrooms that were soluble in methanol. In scheme III, four different solvents: 
petroleum ether, ethyl acetate，methanol as well as water were used to fractionate the 
soluble compounds from the mushrooms according to polarity from low to high. At 
the same time, petroleum ether had a defatting property that removed the lipid in 
mushrooms before fractionation of the crude extracts. After the establishment of 
the extraction scheme II I , scheme IV which was a scaled-up version of scheme I I I 
was used to extract sufficient amounts of the potential antioxidants for further 
fractionation and characterization. The organic solvents were analytical reagent 
except methanol which was HPLC-graded. 
2.4.1 Scheme I (Aqueous extraction only) 
A dried mushroom sample (lOg) was extracted with distilled water in 1:5 (v/v) 
ratio with stirring for two hours under two conditions: at room temperature 
(18-20°C) and at boiling condition. The extraction process was repeated twice. 
The water crude extracts were obtained by filtration with paper and then freeze-dried 
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and used for initial assessment of their antioxidant activities by a chemical method: 
the P-carotene bleaching method (2.5.1). 
2.4.2 Scheme II (Methanol and water extraction) 
Five grams of dried mushroom powder was first extracted with methanol either 
at room temperature (18-20°C) or reflux conditions and the residue was further 
extracted with water under similar conditions: at room temperature (18-20°C) and 
under reflux. In this extraction, the antioxidative components could be separated 
into relatively high polarity (water-soluble) one and relatively low polarity 
(methanol-soluble) one. 
At room temperature, 50ml methanol was used for P. tuber-regium while 100ml 
of methanol was used for both L. edodes and V. volvacea to maintain a sample to 
extractant ratio (v/v) of 1:3 due to differences in their bulk density. The extraction 
was lasted for 3 hours and was repeated once. The crude extracts were obtained by 
filtration, pooling, and removing solvent by a rotary evaporator. The semi-dried 
crude extracts were collected and stored at 4°C. One hundred milliliters of distilled 
water was used to extract the mushroom powder residue after methanol extraction at 
room temperature. The water extraction was repeated once for another 3 hours. 
The aqueous filtrates obtained by filtration were then freeze-dried, and the dried 
residues were stored in a desiccator. 
Under boiling/reflux condition, a Soxhlet apparatus (Soxtec System HT6, 
Tecator, Sweden) was used for the methanolic extraction. The procedures were as 
follows: the ground sample (5g for P. tuber-regium and Ig for both L. edodes and V. 
volvacea) was weighed into an extraction thimble and the opening of the thimble was 
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covered with defatted cotton wool. The differences in weight of the sample were 
due to the differences in bulk density of the mushrooms. About 50ml methanol was 
added into the aluminium cup with sample to extractant ratio of 1:5 (v/v). The 
aluminium cup was firmly attached to the Soxhlet extraction apparatus with the 
thimble fully immersed into the solvent. After boiling for 60 min., the thimble was 
taken to an upper level at which it was rinsed by the condensed solvent for a further 
60min. The crude extract in the aluminum cup was concentrated and the solvent 
was evaporated to dryness in a 40°C oven. The residues in the cup were collected, 
weighed and kept in 4°C. The same procedure was repeated once. For the boiling 
water extraction, 100ml of water was mixed with the residual mushroom powder 
from the above methanol extraction and the mixture was heated to boiling on a 
hotplate for 6 hours covered with aluminium foil and the extraction was repeated 
once. The water crude extracts obtained by filtration were then freeze-dried. The 
antioxidant activity of both the methanol and water crude extracts obtained from both 
room temperature and boiling conditions were then preliminarily assessed by the 
P-carotene bleaching method (2.5.1). 
2.4.3 Scheme III (Differential solvent extraction) 
Mushroom powders were extracted with petroleum ether by using a Soxhlet 
apparatus (Soxtec System HT6, Tecator, Sweden). The procedure was the same as 
in scheme I I but the extraction time was increased to three hours. The weight of the 
sample was 8g for P. tuber-regium, Ig for both L edodes and V. volvacea and about 
50ml petroleum ether was used to obtain a sample to extractant ratio of 1:5 (v/v). 
The same procedures were then repeated sequentially by using ethyl acetate, 
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methanol as well as water except that the water extraction was not performed in the 
Soxhlet apparatus but inside a beaker heated on a hot plate. 
The total phenolic content of the four solvent extracts was measured (see 2.6). 
Based on the results of the total phenolic content, the extraction yield, the yield of 
phenolics was low in both the petroleum ether and ethyl acetate crude extracts. 
Therefore, only the methanol and water crude extracts were further investigated. 
The antioxidant activity of both methanol and water crude extracts was assessed by 
three different assays including the p-carotene bleaching method (see 2.5.1), the 
scavenging activity of DPPH radical (see 2.5.2) and the inhibition of erythrocyte 
hemolysis (see 2.5.3) in order to investigate the mechanisms of their antioxidant 
activities. 
2.4.4 Scheme IV (Scaled-up extraction) 
Extraction of the mushroom powders was done in a large-scale Soxhlet 
extractor (5 litres). The weight of the sample to f i l l up the thimble was 900g for P. 
tuber-regium, while that for L. edodes and V. volvacea was 140g due to differences in 
their bulk density with a sample to extractant ratio of 1:1.4. The solvents (2L) used 
were firstly petroleum ether, then ethyl acetate followed by methanol and the 
extraction time for each solvent was 24 hours. The solvents were collected in a 
round-bottom flask of the Soxhlet extractor and then removed by a rotary evaporator 
The extracts were then collected and stored at 4°C. The residue in the thimble was 
air-dried before the next extraction was carried out. 
The methanol-insoluble residues were extracted for 4 hours with boiling water 
for four times. The sample to extractant ratio (v/v) in the aqueous extraction was 
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1:2. After the extraction, water in the extract was removed by a freeze-dryer. 
The dry residues obtained from the methanol and water crude extracts were then 
fractionated into different subfractions (see 2.7). The boiling water crude extract 
and its subfractions were also analyzed for its crude protein content by the Kjeldahl 
method (2.8) and its total carbohydrate content by the phenol-sulfliric acid method 
(2.9). The antioxidant activity of the boiling water crude extracts and the 
subfractions of both water and methanol crude extracts were then assessed by lipid 
peroxidation using rat brain (2.5.4) and LDL oxidation (2.5.5). 
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Fig. 2.1 Four extraction schemes of mushroom. 
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2.5 Antioxidant Activity Assays 
2.5.1 Beta-carotene bleaching method 
The antioxidant activity of crude mushroom extracts from scheme I to i n was 
determined according to the (i-carotene bleaching method described by Velioglu et al. 
(1998). A reagent mixture containing 1ml of P-carotene (Sigma) solution 
(0.2mg/ml in chloroform), 0.02ml of linoleic acid (Sigma), and 0.2ml of Tween 80 
(Sigma) was evaporated to dryness under nitrogen stream. Fifty milliliters of 
oxygenated distilled water (produced by stirring at room temperature) and 0.2ml of 
mushroom crude extracts (either methanol or water) with various concentrations 
were added. Pure methanol or water (0.2ml) was used as the sample blank and the 
reagent blank (control) contained all the above chemicals except P-carotene. Al l 
these mixtures were then shaken to form a liposome solution and then subjected to 
thermal autoxidation at 50°C for 2 hours. The absorbance of the solution at 470nm 
was monitored by a spectrophotometer (Spectronic, Genesys) at time intervals of 
20min. Al l samples were assayed in triplicate. Tert-butylhydroquinone (TBHQ) 
(4|ig/ml) was used as the standard. The antioxidant activity (AA) was calculated in 
terms of percent inhibition relative to the control using equation 36 where Rsampie and 
Rcontroi were the bleaching rate of p-carotene in the reagent mixture with and without 
mushroom crude extract, respectively. The bleaching rate (R) of crude extracts was 
calculated according to equation 37 where: In = natural log, a = initial absorbance at 
time 0, b = absorbance at the time when the slope of the absorbance curve became 
zero, t 二 time (min) when the slope became zero. 
AA=[(RcontroI-RsampIe)/Rcontrol] X 100 (36) 
R=ln (a/b) X 1/t (37) 
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2.5.2 Scavenging activity on 1,1 -diphenyl-2-picrylhydrazyl (DPPH) 
radicals 
The scavenging activity of the mushroom methanol and water crude extracts 
from scheme I I I on DPPH radicals was measured according to the method of Chu et 
al. (2000) with some modifications. An aliquot of 0.5ml of O.lmM DPPH radical 
in methanol was added to a test tube with 1ml of methanol or water crude extract of 
different concentrations (l-6mg/ml). Methanol was used instead of the mushroom 
sample as a control. The reaction mixture was vortex-mixed and the absorbance 
was determined after mixing by measuring at 520nm with a spectrophotometer 
(Spectronic Genesys). The scavenging activity (%) (SA) on DPPH radicals was 
calculated by equation 38. TBHQ (0.67mg/ml) was used as standard. 
SA=(1-Abs in the presence of sample/Abs in the absence of sample) x 100 (38) 
2.5.3 Assay for erythrocyte hemolysis 
The antioxidant activity of the mushroom methanol and water crude extracts 
from scheme I I I extracts was measured as the inhibition of erythrocyte hemolysis 
according to the procedures described by Ng et al. (2000). 
Blood was obtained from male Sprague-Dawley rats of body weight 150-200g. 
Erythrocytes was separated from the plasma and the buffy coat were washed three 
times with 10 ml of lOmM phosphate buffer saline (PBS) at pH 7.4 (prepared by 
mixing lOmM of NaH2P04 and Na2HP04 and 125mM ofNaCl in I L of water) and 
centrifuged at 3000rpm for 5min. During the last washing, the erythrocytes were 
obtained by centrifligation of the blood at l,499gfor lOmin (GS-15R, BECKMAN, 
USA). 
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Erythrocyte hemolysis was mediated by peroxyl radicals in this assay system. 
A 0.1ml of 20% suspension of erythrocytes in PBS was added to 0.2ml of 200mM 
2,2'-azobis(2-amidinopropane)dihydrochloride (AAPH) (Wako, Japan) solution (in 
PBS) and 0.1ml of mushroom crude extracts of different concentrations 
(250-1250jLig/ml). The reaction mixture was shaken gently while being incubated at 
37。C for 3 hours. The reaction mixture was diluted with 8ml of PBS and 
centrifuged at l,04lg for 10 min; the absorbance of its supernatant was then read at 
540nm by a spectrophotometer (Spectronic Genesis) (Absorbance A). Similarly, 
the reaction mixture was treated with 8 ml of distilled water to achieve complete 
hemolysis and the absorbance of the supernatant obtained after centrifligation was 
measured at 540nm (Absorbance B). The percentage hemolysis inhibition was 
calculated by equation 39. L-Ascorbic acid (Sigma) (0.25mg/ml) was used as a 
positive control. 
% hemolysis inhibition = (1-A/B) xlOO% (39) 
2.5.4 Assays of lipid peroxidation using rat brain 
Inhibition of lipid peroxidation by mushroom water crude extracts as well as the 
subfractions of the methanol and water crude extracts in scheme IV were evaluated 
according to the procedures described by Ng et al. (2000) with some modifications. 
Brains of the Sprague-Dawley (SD) rats (obtained from animal house in the 
Chinese University of Hong Kong) were dissected and homogenized with a Polytron 
in ice-cold Tris-HCl buffer (20mM, pH 7.4) to produce a 1:2 (w/v) brain tissue 
homogenate. The homogenate was centrifuged at 3000g for 10 min. A 0.1ml 
aliquot of the supernatant were incubated with 0.2ml of the mushroom crude water 
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extracts or the subfractions of methanol and water crude extracts in the presence of 
0.1ml of lOj iM FeS04 (AnalaR) and 0.1ml o fO. lmM ascorbic acid (Sigma) at 37。C 
for 1 hour. The reaction was stopped by the addition of 0.5ml trichloroacetic acid 
(Univar) (TCA, 28%, w/v) followed by 0.38ml thiobarbituric acid (Sigma) (TBA, 
2%，w/v); the solution was then heated at 80°C for 20 min. After centrifligation at 
3000^ for lOmin to remove the precipitated protein, the color of the malondialdehyde 
(MDA)-TBA complex in the supernatant was detected by measuring its absorbance 
at 532nm using a spectrophotometer (Spectronic Genesys). Butylated 
hydroxyanisole (BHA) (40|ig/ml) was used as a positive control. The inhibition 
ratio (%) was calculated using the following formula: 
Inhibition ratio (%) = (A-B)/A x 100% (40) 
Where A was the absorbance of the control and B was the absorbance of the test 
sample. 
2.5.5 LDL Oxidation (TEARS) 
The antioxidant activities of the water crude extracts and the subfractions of the 
methanol and water crude extracts obtained in scheme IV were further assessed by 
LDL oxidation. The preparation of LDL was carried out according to the 
procedures described by Zhang et al. (1997). 
2.5.5.1 LDL Isolation 
Fresh blood samples were collected from healthy human subjects at the Prince 
of Wales Hospital in Hong Kong. In order to prevent modification of lipoproteins 
during ultracentrifligation, EDTA and NaNs solutions were added to freshly prepared 
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plasma (final concentrations ofEDTA and NaNs were 0.1% and 0.05% respectively). 
The plasma was centrifliged at 10。C and \500g for ISmin to remove cells and cell 
debris. To minimize the oxidation of LDL, the centrifuge tube containing plasma 
was flushed with nitrogen. The density of the plasma was then adjusted to 1.019 by 
addition of a NaCl-KBr solution (prepared by dissolving 153g NaCl, 354g KBr and 
100|ig EDTA in I L of H2O to give a density of 1.33g/ml) and subsequent transferral 
into several centrifuge tubes. The solution was flushed with nitrogen, capped and 
centrifliged at 160,000g at 10。C for 20h. After removing the top layer (containing 
VLDL and chylomicron), the density of the remaining plasma fractions was 
increased to 1.064 by adding NaCl-KBr solution and the mixture was centrifliged at 
160,000g for an additional 24h. The top LDL fraction was collected and then 
flushed with nitrogen and stored at -70°C. The protein content of the isolated LDL 
was determined by using Lowry's method (Lowry et cd., 1951) as described below 
(2.5.5.5). 
2.5.5.2 Calculation of density 
The amount of NaCl-KBr solution to be added was calculated by the following 
equation: V2=Vlx (D-D1)/(D2-D) (41) 
Where V I = initial volume of solution, V2 二 volume of NaCl-KBr solution to be 
added, D = required density, D1 二 original density, D2 二 density of NaCl-KBr 
solution 
The density of plasma and 0.15M saline was assumed to be 1.006g/ml. 
The density of NaCl-KBr was 1.33g/ml 
(All solutions were purged with nitrogen and contained 0.1% EDTA.) 
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2.5.5.3 Lowry Method for Protein Determination 
Preparation of reagent 
Reagent A 
Three grams of NasCOs was dissolved in 96ml of O.IN NaOH (0.4g/100ml) 
solution. The solution was then mixed with 2ml of 4% potassium sodium-tartrate 
and 2ml of 2% CuSCU. 
Reagent B 
A 1:1 dilution of Folin-Ciocalteu reagent was made. 
Standard solutions of bovine serum albumin (BSA) (Sigma) (25-400|ig 
protein/ml) were prepared. The sample (stocked LDL) was diluted 10-folds, 
20-folds, 30-folds, 40-folds and 50-folds. BSA standard or LDL sample solutions 
(0.2ml) were mixed with 2 ml of reagent A and the mixture was stood at room 
temperature for lOmin. Then 0.2ml of reagent B was added and the mixture was 
vortex-mixed and stood for 40min at room temperature. The protein content in the 
solution was determined by measuring its absorbance at 750nm with reference to a 
calibration curve constructed from BSA. 
2.5.5.4 Reagents for TEARS assay 
A dialysis buffer containing O.OIM sodium phosphate, 0.9% NaCl, lOjiM 
EDTA and 0.05% NaNs were prepared and its pH was adjusted to 7.4- followed by 
degassing. 
A TCA-TBA-HCl solution was prepared by dissolving 0.67g of thiobarbituric 
acid and 15g of trichloroacetic acid in 100ml of 0. IN HCl. 
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2.5.5.5 TBARS formation 
The degree of LDL oxidation was monitored by measuring the production of 
TBARS as described by Buege and Aust (1978). LDL stock solution was dialyzed 
using dialysis tubing against 50-100 volume of the degassed dialysis solution (2.5.5.4) 
for 24 hours in the dark. The dialysis solution was changed four times. A 0.4ml 
aliquot of dialyzed LDL (250jig/ml) was incubated with 50|il of 50jiM CuSCU and 
50|il mushroom extracts or water (as control) for up to 36 hours (4, 12, 36 hours) at 
37°C. The reaction was stopped by addition of 25|il of 1% EDTA and the mixture 
was cooled at 4°C. 
TBA-TCA-HCl solution (2ml) was added and the mixture was then heated at 95°C 
for 1 hour before cooled on ice. TBARS were then determined by measuring the 
absorbance at 532nm. Calibration was done with a malondialdehyde (MDA) 
standard solution (tetramethoxypropane) (0-25nmol/ml). The value of TBARS was 
expressed in nmol MDA/mg LDL. 
2.6 Determination of Total Phenolic Content 
The concentrations of phenolic compounds in the mushroom water crude 
extracts and the subfractions of the methanol and water crude extracts were measured 
according to the method of Singleton and Rossi (1965) with some modifications and 
was expressed as gallic acid and catechin equivalents. One milliliter of sample was 
mixed with 1ml of Folin & Ciocalteu,s Phenol reagent. After 3min, 1ml of 
saturated NasCCb (-35%) was added to the mixture which was made up to 10ml by 
adding distilled water. The reaction was kept in the dark for 90min after which its 
absorbance was read at 725nm. A calibration curve was constructed with various 
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concentrations of the standards (gallic acid and catechin) (0.01-0. ImM). 
2.7 Fractionation 
2.7.1 Fractionation of the methanol crude extracts obtained under 
reflux 
The dry residues of the methanol crude extracts (~lg) of the three mushrooms, 
obtained by extraction scheme IV (2.4.4) were dissolved in distilled water (80ml for 
P. tuber-regium, 100ml for V. volvacea and 150ml for L. edodes). The dissolved 
methanol crude extracts were then fractionated by differential solvent extraction 
involving dichloromethane, ethyl acetate and n-butanol in 1:1 (v/v) for three times at 
room temperature. The antioxidant activities of these subfractions were then 
evaluated by the rat brain lipid peroxidation (2.5.4) and LDL oxidation (2.5.5) 
procedures. The phenolic content of these extracts was also measured by the 
Folin-Ciocalteu method (2.6). 
2.7.2 Fractionation of boiling water crude extracts by ultrafiltration 
Two grams of dry residues of the crude water extracts of the three mushrooms, 
obtained from extraction scheme IV (2.4.4), was dissolved in 50ml of distilled water 
and then the solutions were subject to ultrafiltration (Amicon 8400) with a membrane 
of 10,000 molecular weight cut-off After filtration, the retentate (High Molecular 
Weight) and filtrate (Low Molecular Weight) were freeze-dried separately and their 
antioxidant activities were then assayed by the rat brain lipid peroxidation (2.5.4) and 
LDL oxidation (2.5.5). The protein content, total carbohydrate content and 
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phenolic content of the subfractions of the crude water extracts were also measured 
by methods 2.8, 2.9 and 2.6 respectively. 
2.8 Crude Protein Content (Kjeldahl method) 
Half a gram dry weight of the mushroom water crude extracts (2.4.4) and their 
subfractions obtained by ultrafiltration (2.7.2) for scheme IV, was weighed into a 
350ml Kjeldahl flask. A piece of Kjeltab (Foss Tecator) containing 3.5g of K2SO4 
and 0.4g of CuSCU, and 12.5ml of 18M sulphuric acid was added into the flask as 
well. The flask was heated at 480°C in a Kjeldahl digestion apparatus (Tecator 
2006, A Perstorp Analytical Company) until the mixture no longer frothed. When 
the acid digest lost its dark colour and became clear, the digestion was continued for 
an additional 20 to 30min to ensure its complete oxidation. The Kjeldahl flask and 
its contents were cooled to room temperature in a fume cupboard. During this time, 
50ml of 2% boric acid (UNIVAR) solution was added into a 250ml conical flask with 
a few drops of the screened methyl red indicator. Sodium hydroxide 
(Sigma-Aldrich) (O.IM) was added drop by drop until the solution just turned green. 
Then, hydrochloric acid (O.IM) was added until the color just changed back to pink. 
Then, about 75ml of distilled water was added carefully into the cooled Kjeldahl 
flask under running tap water. Both the conical flask and the Kjeldahl flask were 
connected to the Kjeldahl distillation set (Tecator 1002). Then, 50ml of 40% 
sodium hydroxide was added to make the contents in the Kjeldahl flask alkaline. 
Steam was bubbled into the solution in the Kjeldahl flask until about 150ml of the 
distillate was collected in the conical flask. Boric acid (2%) was titrated with 0. I M 
standard hydrochloric acid and the percentage nitrogen and protein were calculated 
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by the following equations: 
% Nitrogen = (volume of HCl (ml) x molarity of HClx 1.4)/ weight of sample (g) (42) 
% Protein = % Nitrogen x 4.38 (43) 
2.9 Total carbohydrate content 
The total carbohydrate content in the water crude extracts (2.4.4) and their 
subfractions obtained by ultrafiltration (2.7.2) from scheme IV, was measured by the 
phenol-sulphuric acid method (Dubois et al., 1956). A 0.5ml of sample solution 
was vortex-mixed with 0.5ml of 5% aqueous phenol. After adding 2.5ml 
concentrated sulphuric acid rapidly from a glass dispenser, the mixture was 
vortex-mixed, and allowed to stand for 30min at room temperature. The amount of 
carbohydrate in the solution was measured by reading its absorbance at 490nm. A 
calibration curve was made by using glucose solution at different concentrations 
(0-100|ig/ml). 
2.10 Thin-layer Chromatography 
Several thin-layer chromatography (TLC) plates, coated with silica gel G (Fluka 
Chemie, Switzerland) to 0.25mm thickness, were spotted with 20|il of the three 
subfractions (dichloromethane, ethyl acetate and butanol) obtained from the 
methanol crude extracts (2.5% solution) (2.7.1). Several plates were then 
developed either in a solvent system of ethyl acetate/methanol/water (10:2:l;v/v/v) 
or ethyl acetate/formic acid/water (17:2:3;v/v/v) for comparison purposes. After 
drying, the developed plates were first observed under UV light with wavelength at 
365nm and sprayed with 0.4mM DPPH radical in methanol (Espin et al., 2000). 
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Furthermore, other developed TLC plates were sprayed with: Spray I solution* 
which gave a blue colour in the presence of phenolic compounds; and Spray 2 
solution** which, when heated to 105°C for 5-lOmin, gave a blue color indicating 
the presence of phenolics with trihydroxy groups or a green color indicating phenols 
with dihydroxy groups or a red/brown color indicating the presence of other 
phenolics. The Rf values of the phenolic compounds in the mushroom extracts 
were compared with the following pure phenolic compounds: caffeic acid, 
(+)-catechin, gallic acid, protocatechuic acid, rutin, syringic acid, sinapic acid, and 
广 
catechol. 
*Spray I solution: 1% solution of iron(III) chloride in water mixed immediately 
before use with an equal volume of a 1% solution of potassium hexacyanoferrate(ni) 
in water (Barton's Reagent). 
** Spray I I solution: 2% iron(III) chloride in ethanol 
2.11 High Performance Liquid Chromatography 
The subfractions obtained from the methanol (2.7.1) and water crude extracts 
(2.7.2) were further analyzed by high performance liquid chromatography. 
2.11.1 Analysis of methanol subfractions 
A Hewlett-Packard 1100 liquid chromatograph was connected to an analytical 
column (250 x 4.6mm) of Bio-Sil C18 HL 90-5 (5)im). Two solvents were used: A, 
formic acid-water (5:95 v/v) and B, methanol. The solvent gradient profile was: 
0-2min, 7% B in A (isocratic); 2-60min, 7-80% B in A (linear gradient); 60-62min, 
returned to 7% B in A (linear gradient). The solvent flow rate was 0.8ml/min and 
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the column pressure was 100-120 bar. The wavelengths in the photodiode array 
detector were set at 250nm, 280nm, 310nm and 350nm. Samples (20|il) of 
10-20mg/ml solutions in methanol were injected into the column by an auto-sampler. 
Phenolic compounds were identified by comparing retention times and UV spectra 
using the following pure compounds: caffeic acid, (+)-catechin, gallic acid, 
protocatechuic acid, rutin, syringic acid, sinapic acid, catechol and n-phenylphenol. 
2.11.2 Analysis of water subfractions 
A Hewlett-Packard 1100 liquid chromatograph was connected to an analytical 
column (300 x 7.5mm) of Supelco TSK gel G5000PW (17|im). Water was used as 
the mobile phase. The flow rate was Iml/min and the pressure was 7-lObar. A 
reflective index detector was used for sample detection. Fifty microliters of an 
aqueous solution (10-20mg/ml) of water subfractions were applied to the column by 
an auto-sampler. Dextran with molecular weight of 10,000, 40,000, 70，000, 
500,000, 670,000 and 722,000 were used to construct a calibration curve. 
2.12 Liquid Chromatography-Mass Spectrometry (LC-MS) 
2.12.1 Liquid chromatography 
The subfractions of the methanol crude extracts (2.7.2) of the mushroom were 
further characterized by LC-MS. A Hewlett-Packard 1100 liquid chromatograph 
was connected with an analytical column (250 x 4.6mm) of hypersil 120-5 ODS 
column (Macherey-Nagel) at a flow rate of 0.8ml/min. Two solvents were used as 
mobile phase: A, formic acid-water (5:95 v/v); B, methanol. The elution profile 
was: 0-2min, 7% B in A (isocratic); 2-60min, 7-80% B in A (linear gradient); 
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60-62min, returned to 7% B in A (linear gradient). The wavelengths in the 
photodiode array detector were set at 280nm and 310nm. Samples (20|il) of 
10-20mg/ml solutions in methanol were injected into the column by an auto-sampler. 
2.12.2 Mass spectrometric analysis 
A HP 1100 mass spectrometer equipped with an atmospheric pressure chemical 
ionization (APCI) in positive modes of operation was employed for the determining 
the compounds. The APCI probe temperature was 325°C. The mass range was 
100-1500 a.m.u. 
2.13 Data Analysis 
All analyses were performed in triplicate except the determination of moisture 
content in mushrooms and the protein content in the high molecular weight and low 
molecular weight fractions done in duplicate. The data were recorded as means 土 
standard deviations. The data obtained were analyzed by Statistical Package for 
Social Sciences (SPSS 10.1 for Windows 98, SPSS Inc.). One-way analysis of 
variance (ANOVA) and Tukey multiple comparisons were carried out to test for any 
significant differences between means; and the mean values of antioxidant activities 
between two extracts or two treatments were analyzed by independent-samples t-test. 
Correlations were obtained by Pearson correlation coefficient in bivariate 
correlations. Differences between means at 5% (p<0.05) level were considered 
significant. 
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CHAPTER THREE: RESULTS AND DISCUSSION 
3.1 Mushroom sample 
The moisture contents of the freeze-dried mushroom powders were as follows: 
freeze-dried sample of R tuber-regium contained 9.20 土 0.28%; that of L. edodes 
contained 6.25 土 0.：21%; and that of V. volvacea contained 6.5 土 0.14%. It was 
found that the moisture content of the sclerotia of P. tuber-regium was higher than 
the fruiting bodies o f the other two mushrooms. This might be due to the strong 
water-holding capacity of the sclerotia which compose of solid mass of fungal 
hyphae than that of the fruiting body which are made up of flashy tissue. The 
powdered-form of mushroom samples are shown in figure 3.1 to 3.3. 
Fig. 3.1 The powder form of freeze-dried P. tuher-regium. 
_ _ 
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Fig. 3.2 The powder form of freeze-dried L. edodes. 
I f f l i 
— — 
Fig. 3.3 The powder form of freezed-dried V. volvacea. 
國 
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3.2 Extraction scheme I 
3.2.1 Antioxidant activity 
3.2.1.1 Effect of extraction temperature 
Table 3.1. Extraction yield (%) of water crude extracts obtained by scheme I from 
mushrooms on dry weight basis at different extraction conditions. 
Sample Room Temperature (18-20°C) Boiling 
P. tuher-regiiim 30.0+ 1.50 29.8 土 1.50 — 
L edodes 31.7 土 1.59 39.2 土 2.29 
V. volvacea 32.3 土 1.94 31.0 土 2.79 
While the extraction yields between the two extraction conditions (room 
temperature and boiling) were similar for P. tuber-regium and V. volvacea (p>0.05), 
the yield of water extraction at boiling condition in L. edodes was 7.5% higher than 
that at room temperature (p<0.05) (Table 3.1). The water-soluble components in P. 
tuher-regium and V. volvacea might be relatively weakly bound than those in L. 
edodes. Hence the use of a longer extraction time or repeated extraction would be 
sufficient to solubilize most of these components without the need to increase the 
extraction temperature. The extraction temperature did not show any effect on the 
antioxidant activity of the extracts from P. tuber-regium and V. volvacea (Table 3.2). 
The water crude extracts obtained at room temperature and boiling condition from P. 
tuber-regium and V. volvacea showed similar antioxidant activities when compared at 
the same concentration except at 40jLig/ml in which the boiling water crude extract of 
V. volvacea had significantly higher antioxidant activity than the room temperature 
crude extract. On the other hand, a general trend observed in L. edodes was that its 
extracts obtained at boiling condition exhibited relatively higher antioxidant 
activities than those obtained at room temperature in the range of 8-40}ig/ml. High 
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temperature may enhance the solubility of those potential antioxidant compounds in 
water, but there was also a possibility that high temperature can cause degradation to 
the antioxidant components. Based on the above results, it indicated that high 
temperature had more pronounced effect on increasing the solubility of the 
antioxidant compounds in the mushroom than their degradation. 
3.2.1.2 Effect of concentration of extracts 
The antioxidant activity of the water crude extracts of P. tuber-regium and L. 
edodes obtained at boiling condition increased with concentration. Generally, the 
extracts showed the highest antioxidant activities at 40jLig/ml except the water crude 
extracts obtained at room temperature for L. edodes and V. volvacea. The increase 
in the concentration of the extracts may not only increase the concentration of the 
antioxidant but also the other chemicals that may interfere with the antioxidant assay 
as well. So, the decrease of the antioxidant activity of the water crude extracts 
during an increase in the concentration of extract (such as the room temperature 
extracts of L. edodes and V. volvacea) may be due to the presence of a high 
concentration of these interfering substances. 
The water crude extracts of P. tuber-regium at both extraction conditions showed 
a similar antioxidant activity in the range of 16 to 40|ig/ml as TBHQ at 4|Lig/ml 
(p>0.05). For L. edodes, the water crude extract obtained at boiling condition had 
relatively higher antioxidant activity at high concentration (16-32jig/ml) than that at 
room temperature, and their values were similar to TBHQ (p>0.05). The water 
crude extracts of L. edodes obtained at room temperature showed a much lower 
antioxidant activity than TBHQ (p<0.05). Lastly, the antioxidant activities of water 
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crude extracts from V. volvacea at both extraction conditions were also lower than 
that o fTBHQ (p<0.05). 
Among the three mushrooms tested, the water crude extracts from P. 
tuber-regium showed the highest antioxidant activity at both extraction conditions 
while both water crude extracts from L. edodes and V. volvacea had lower 
antioxidant activity (p<0.05). 
Based on this extraction scheme and the P-carotene bleaching method, the water 
crude extracts of P. tuber-regium, L, edodes and V. volvacea were found to possess 
antioxidant activities at different levels. Among them, the water crude extracts of P. 
tuber-regium at both extraction conditions showed the strongest antioxidant activity 
at 8-40|ig/ml. As mushroom extracts could be a potential source of antioxidants, 
further investigation of the water crude extracts by fractionation of the water-soluble 

































































































































































































































































































































































































































































































































































































































3.3 Extraction scheme II 
3.3.1 Antioxidant activity 
3.3.1.1 Effect of extraction temperature 
Table 3.3 Extraction yield (%, w/w) of water and methanol crude extracts obtained by 
scheme II from mushrooms on dry weight basis at different extraction conditions 
Extract Room Temperature Reflux for methanol/ 
Boiling for water 
Methanol 
P. tuber-regium 2.02 土 0.10 1.89 土 0.09 
L edodes 6.90 土 1.73 8.95 土 2.11 
V. volvacea 3.26 土 0.16 16.6 土 0.83 
Water 
R tuber-regium 3.75 土 0.19 7.16 土 0.36 
L edodes 20.0 土 1.20 18.4 土 0.90 
V. volvacea 18.3 土 0.90 26.3 土 1.30 
With the application of methanol extraction before water one, the extraction 
yields of methanol and water crude extracts showed a great difference for the two 
extraction conditions (Table 3.3). In general, higher extraction yield was obtained 
at a higher temperature for both methanol and water crude extract. In the methanol 
crude extracts, there was a 13% difference in extraction yield between two extraction 
conditions for V. volvacea (p<0.05). In the water crude extracts, there was also an 
8% increase in extraction yield at boiling condition for V. volvacea, while there was a 
2-fold increase for P. tuber-regium (p<0.05). However, there was not much 
difference in extraction yield between two extraction conditions for L edodes 
(p>0.05). In comparison between these two solvents, the extraction yield was 
higher in water crude extracts than those of methanol (p<0.05). The yield of the 
water crude extracts obtained in this scheme was lower than that in scheme I (Table 
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3.1). The total yield of methanol and water crude extracts obtained in scheme I I 
also lower than that in scheme I except the crude extracts obtained from V volvacea. 
One of the possible explanations is the number of water extraction. The mushroom 
samples were extracted by water three times in scheme I, as compared to two times 
in scheme IL Also, the use of methanol could extract some components from the 
water-soluble substances in scheme I. 
For the methanol crude extracts, the antioxidant activity of mushroom extracted 
by the Soxhlet method was generally higher than that extracted at room temperature 
for P. tuber-regium (1.7-52.5%) in the range of 4-40p,g/ml, except for V. volvacea 
and there was no difference for L edodes (Table 3.4). The antioxidant activity of 
the methanol crude extract obtained at room temperature from V. volvacea was 
higher than that from the other two mushrooms (8-32}ig/ml). 
For the water crude extracts, there were not much significant difference in 
antioxidant activities between two extraction conditions for L edodes and V. 
volvacea, but P. tuber-regium showed a higher antioxidant activity at room 
temperature than at boiling condition (p<0.05) in the range of 4-16jig/ml. There 
was also no difference in the antioxidant activity of the three mushrooms for the 
water crude extracts obtained at boiling condition but the water crude extract of P. 
tuber-regium showed a higher antioxidant activity at room temperature than that of 
the other two mushrooms at 4-32jig/ml (p<0.05). The antioxidant components in 
the water crude extracts obtained under boiling condition of L. edodes and V. 
volvacea might be more heat-stable than those of P. tuber-regium. Mansour and 
Khalil (2000) also tested the effects of temperature on the antioxidative stability of 
freeze-dried extracts from potato peel, fenugreek seeds and ginger rhizomes. 
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Antioxidant extracts were pre-incubated at different temperatures in the range of 
40-100。。for 30min. Incubating ginger extract at a temperature higher than 60。C 
and treating potato peel and fenugreek seed extracts at a temperature higher than 
80。C for 30min resulted in a significant (p<0.05) decrease in antioxidant activities. 
Heating at 100。C for 30min reduced (p<0.05) the antioxidant potency of ginger, 
fenugreek and potato peel extracts by 25, 15 and 12%, respectively. The reduction 
in antioxidant potency (26.8-36.0%) of the water crude extracts of R tuber-regium 
was greater than other samples mentioned above. This might be due to the long 
extraction time (6 hr) of the water crude extract under boiling condition as 
demonstrated by Mansour and Khalil (2000). They also evaluated the effect of 
boiling time on the antioxidant activity; the freeze-dried extracts were heated in a 
boiling water bath for 0, 30, 60, 90 and 120min, and the residual antioxidant activity 
were determined. The results showed that increasing the boiling time resulted in a 
significant (p<0.05) lowering in antioxidant activity of the freeze-dried extracts. 
As shown in Table 3.4, the antioxidant activities of the methanol crude extracts 
from mushrooms were not as high as that of TBHQ at 4^g/ml (p<0.05). Only the 
antioxidant activities of the methanol crude extract of P. tuber-regium obtained by 
reflux at a concentration of 32 and 40|ig/ml and at 16|ig/ml of L. edodes showed 
similar antioxidant activity as TBHQ (p>0.05). The antioxidant activities of water 
crude extracts were more comparable to the TBHQ (p>0.05). They were water 
crude extracts obtained at room temperature of P. tuber-regium at 4-40iig/ml, of I . 
edodes at 16-40|ig/ml and those obtained at boiling condition of P. tuber-regium at 
16-40jig/inl, ofL edodes at 32 and 40|ig/ml and of V. volvacea at 8 and 32|ig/ml. 
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3.3.1.2 Effect of concentration of extracts 
The antioxidant activity did not increase with an increase in the concentration of 
methanol crude extract obtained at room temperature. However, the maximum 
antioxidant activity was still shown at the highest concentration (40|ig/ml) for the 
methanol crude extracts obtained at room temperature for all mushrooms. For the 
methanol crude extracts obtained under reflux, the antioxidant activities of P. 
tuber-regium and L edodes generally increased with concentration except a drop at 
8jig/ml, but there was not much difference observed in the antioxidant activity across 
the concentration range for V. volvacea. The maximum antioxidant activity of 
methanol crude extracts obtained under reflux was found at 40|ig/ml for P. 
tuber-regium (74.2%), while it was at 32|ig/ml for L edodes (68.5%) and V. volvacea 
(30.7%). 
There was no significant difference in the antioxidant activity of water crude 
extracts at room temperature at different concentrations for the three mushrooms. 
However, the antioxidant activities of the water crude extracts of L. edodes and V 
volvacea obtained at both conditions increased with an increasing concentration of 
extracts. The water crude extract of P. tuber-regium obtained at boiling condition 
also showed a concentration-dependent antioxidant activity. 
3.3.1.3 Effect of solvent 
The antioxidant activities of the mushrooms were higher in the water crude 
extracts than in the methanol crude extracts. For example, the antioxidant activities 
of the water crude extracts obtained at boiling condition from V. volvacea and at 
room temperature from P. tuber-regium were significantly higher than the 
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corresponding methanol crude extracts (p<0.05). Although methanol could extract 
some relatively non-polar soluble substances (e.g. apigenin, kaempferol) which 
cannot be extracted by water, the antioxidant activities of methanol crude extracts 
were still lower than those of the water crude extracts. This might be due to the 
presence of chemicals in the methanol crude extracts which might interfere with the 
antioxidant assay. So, fractionation of soluble substances in the methanol crude 
extracts was needed to eliminate these components. 
In comparison of the antioxidant activities of the water crude extracts between 
extraction scheme I and scheme II, the antioxidant activities of the water crude 
extracts obtained in scheme I I were generally lower than that obtained in scheme 1. 
It showed that some antioxidant components in the water crude extracts of extraction 
scheme I were probably extracted into the methanol crude extracts in scheme I I and 
hence the water crude extracts of scheme I I contained less antioxidants. 
Based on extraction scheme I and scheme II, the high extraction temperature did 
not significantly reduce the antioxidant activities of the mushroom extracts, rather it 
increased the solubility of potential antioxidant compounds in the solvents. Also, 
the concentration-dependent effect was shown in extracts obtained at a higher 
temperature. Hence, reflux of organic solvent and boiling condition of water would 
be used in subsequent extractions. In order to obtain the potential antioxidant 
components, fractionation of the soluble substances in the methanol and water crude 
































































































































































































































































































































































































































































































































































































































































































































































































3.4 Extraction scheme III 
3.4.1 Extraction yield 
The extraction yield of the mushrooms by four solvents is shown in Table. 3.5. 
Methanol and water could extract most of the soluble compounds from the 
mushrooms. It showed that most of the soluble components in mushrooms were 
high in polarity. The yields of methanol and water crude extracts of L. edodes and V. 
volvacea in this extraction scheme were higher than that in scheme I I (p<0.05). It 
might be due to the difference in extraction time of methanol and the v/v ratio in 
water extraction. Both the longer extraction time (3h) and the higher v/v ratio in 
scheme I I I may enhance the solubility of those compounds in L. edodes and V. 
volvacea. 
Table 3.5 Extraction yield (%, w/w) of mushroom extracts obtained by scheme I I I on 
dry weight basis by different solvents. 
Sample % yield 
Petroleum ether extracts 
P. tuher-regium 0.16 土 0.01 
L. edodes 2.40 土 0.08 
V volvacea 1.04 土 0.05 
Ethyl acetate extracts 
P. tuher-regium 0.10 土 0.01 
L. edodes 3.65 土 0.18 
V. volvacea 1.40 土 0.07 
Methanol extracts 
P. tuher-regium 1.93 土 0.10 
L edodes 33.5 土 1.75 
V. volvacea 33.5 土 2.55 
Water extracts 
P. tuher-regium 3.96 土 0.20 
L edodes 16.2 土 0.80 
V. volvacea 16.9 土 1.99 
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3.4.2 Total phenolic content 
It was found that the antioxidant activity of plant materials was well correlated 
with the content of their phenolic compounds (Velioglu et al., 1998). So, it is 
important to consider the effect of the total phenolic content on the antioxidant 
activity of mushroom extracts. Two standards of phenolic compounds (catechin 
and gallic acid) were used for calibration of the concentration of phenolics. 
Catechin represents the flavonoid group of phenolic compounds wheareas gallic acid 
represents the phenolic acid. 
The concentration of phenolics in the crude extracts, expressed as | iM of 
catechin equivalent (CAE) and gallic acid equivalent (GAE) per mg of extract, was 
dependent on the solvent used in the extraction as shown in Table 3.6. For P. 
tuber-regium, only the ethyl acetate crude extract showed the highest phenolic 
content (p<0.05), while the water crude extract of V. volvacea showed the highest 
phenolic content (p<0.05). In the case of L edodes, both the water and ethyl 
acetate crude extracts contained the highest amount of phenolics. There was no 
significant difference in the phenolic content of either the petroleum ether or the 
ethyl acetate crude extracts among the mushrooms. 
The total phenolic content, expressed as mg of CAE and GAE/g of mushroom, 
is shown in Table 3.7. Methanol extracted most of the phenolic compounds from 
the mushrooms (0.59-15.0mg GAE/g of mushroom) and was followed by water 
crude extracts (0.48-1.34mg GAE/g of mushroom). Both petroleum ether crude 
extracts (0.05-0.47mg GAE/g of mushroom) and ethyl acetate crude extract 
(0.01-0.208mg GAE/g of mushroom) had similar but very little amount of total 
phenolic content. Higher extraction yields of phenolic compounds were obtained 
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with an increase in polarity of the solvent. Moure et a/.(2000) reported that the total 
phenolic content in the methanol and ethanol extracts of hulls was higher than that in 
acetone extract and total phenolic content obtained with ethanol was three times that 
of acetone. Among the three mushrooms, K volvacea had the highest amount of 
total phenolic content when compared with the other two (p<0.05). By summation 
of the phenolic content in the four solvent extracts, the total phenolic content was 
1.13mg of GAE/g for P. tuber-regium, 6.60mg of GAE/g for L edodes and IT.Omg 
of GAE/g for V. volvacea. The yield of phenolic compounds extracted from these 
mushrooms was higher than that obtained from Geviiina avellana hulls (1.03-4.23mg 
of chlorogenic acid/lOOg of residue) (Moure et a l , 2000). 
Based on the above results, although the concentration of phenolics in the ethyl 
acetate crude extract was the highest, it was limited by its low extraction yield and 
hence its total amount was insignificant. Meanwhile, methanol and water crude 
extracts had a comparatively higher total phenolic content due to their higher 


































































































































































































































































































































































































































































































































































































































































































































3.4.3 Antioxidant activity 
3.4.3.1 Beta-carotene bleaching method 
Table 3.8 shows the antioxidant activities of methanol and water crude extracts 
with the coupled-oxidation of P-carotene and linoleic acid. Stock solutions of 
various extracts were prepared for subsequent dilution. The maximum 
concentration of the extract tested in the assay was determined by the 
water-solubility of the freezed-dried extract or methanol solubility of the dried 
extract. The methanol and water crude extracts exerted antioxidant activities at 
different concentrations (16-80|ig/ml), but the effect was more pronounced at 
80jLig /ml. The methanol crude extract of P. tuber-regium at 80|ig/ml exhibited 
95.1% antioxidant activity. The antioxidant efficacy of this extract in this system 
was similar to that of TBHQ standard at S\ig/m\ (82.2%) (p>0.05) (Table 3.8). In 
general, the antioxidative potency of the mushroom extracts decreased in this order: 
methanol crude extract of P. tuber-regium > water crude extract of L. edodes = water 
crude extract of P. tuber-regium = water crude extract of V. volvacea > methanol 
crude extract of K volvacea 三 methanol crude extract of L. edodes (p<0.05). The 
water crude extracts from all three mushrooms and the methanol crude extracts from 
P. tuber-regium exhibited higher antioxidant activity than potato peels (59.5%), 
fenugreek seeds (71.4%) and ginger rhizomes (77.4%) (Mansour and Khalil, 2000). 
3.4.3.1.1 Effect of extract concentration 
The antioxidant activity of mushroom crude extracts varied significantly with 
different concentrations (p<0.05) except for the water crude extract of P. 
tuber-regium (Table 3.8). The antioxidant activity of both methanol and water 
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crude extracts gradually increased with increasing concentration of the extracts. 
Also, there was no significant difference in the antioxidant activity when both 
methanol and water crude extracts were tested at 64 and 80|ig/ml, therefore further 
increase in the concentration of extract in the assay was not considered to get higher 
antioxidant activity. The methanol crude extract of L edodes showed a strong 
correlation between its antioxidant activity and concentration (R^ = 0.93, p<0.01). 
It implied that the antioxidant activity of that methanol crude extract almost 
increased linearly with the concentration. For L. edodes and V. volvacea, their 
water crude extracts showed significantly higher antioxidant activities than their 
corresponding methanol crude extracts at every concentration tested (p<0.05). On 
the other hand, the antioxidant activity of the methanol crude extract of P. 
tuber-regium was significantly higher than its water crude extract from 32-80fig/ml 
(p<0.05). Also, the methanol crude extract of P. tuber-regium had a higher 
antioxidant activity than that of the other two mushrooms (p<0.05). It was not the 
same as in extraction scheme II, in which water crude extracts possessed higher 
antioxidant activities than methanol crude extracts. It is probable that the 
application of petroleum ether and ethyl acetate can effectively eliminate some 
interferences in the methanol crude extracts and concentrate the antioxidants in the 
methanol crude extract under scheme I I I or increase the hydrophilicity of the 
methanol crude extract as well. It showed that the methanol crude extract of P. 
tuber-regium showed more effective antioxidative activity. In contrast, in this assay 
the water crude extracts of L. edodes and V. volvacea had generally more effective 
antioxidant activity than their methanol crude extracts. It is probable that the 
antioxidative components in the mushroom crude extracts can reduce the extent of 
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3-carotene destruction by neutralizing the linoleate free radical and other free 
radicals formed in the system. 
3.4.3.1.2 Relation between total phenolic content and antioxidant activity 
The mushroom crude extracts such as the water crude extracts of all mushrooms 
and the methanol crude extract of P. tuber-regium possessed high antioxidant activity 
in the p-carotene bleaching method which corresponded to their high phenolic 
content (Table 3.6); 
When comparing the effect of the total phenolic content in methanol and water 
crude extracts for the same mushroom, the water crude extracts always showed 
higher antioxidant activity with its higher phenolic content. At 16mg/ml, a strong 
positive correlation was found between antioxidant activity and total phenolic 
rs 
content in L. edodes (R =0.99, p<0.01). A strong positive correlation between 
antioxidant activity and total phenolic content was also found in V. volvacea at a 
concentration of 32mg/ml (r2=0.88, p<0.01). Generally, the high antioxidant 
activity corresponded to the high concentration of phenolics in these crude extracts. 
This explained the higher antioxidant activity of water crude extracts (higher 
phenolic concentration) than methanol crude extracts in L. edodes and V volvacea in 
this assay. 
The extract with no significant difference in antioxidant activity with TBHQ 
was the methanol crude extract of P. tuher-regium which showed the strongest 
antioxidant potency among all mushroom extracts in the beta-carotene bleaching 
method. On the other hand, the antioxidant activities of the methanol crude extract 
of L. edodes and V. volvacea were significantly lower than that of standard (p<0.05). 
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The water crude extracts with similar antioxidant activity as TBHQ were found in P. 
tuber-regium at 32 and 64|ig/ml and L edodes at 80|ig/ml only (p>0.05). Therefore, 
the methanol crude extract of P. tuber-regium could have the same ability in 
























































































































































































































































































































































































































































































































































































3.4.3.2 Scavenging activity of 1,1 -diphenyl-2-picrylhydrazyl (DPPH) 
radical 
Free radical scavenging is one of the known mechanisms for antioxidants to 
inhibit lipid oxidation. The method of scavenging stable DPPH free radicals can be 
used to evaluate the antioxidant activity of specific compounds or extracts in a short 
time. In Table 3.9 the scavenging activity of the DPPH radical due to its reduction 
by different mushroom crude extracts is illustrated. The methanol and water crude 
extracts were shown to scavenge the stable DPPH radical directly at different degrees 
over a concentration range of Img/ml to 6mg/ml with the minimum inhibition 
percentage found in the methanol crude extract of L edodes at Img/ml. In general, 
the scavenging activities of water crude extracts (64.2 and 55.4% at 4mg/ml) were 
significantly stronger than those of methanol crude extracts (30.4 and 25.8% at 
4mg/ml) for both P. tuber-regium and L edodes in the concentration range tested 
(p<0.05) (Table 3.9). Hence, the water crude extract of P. tuber-regium showed the 
highest scavenging activity at 4-6mg/ml (p<0.05). However, in V. volvacea, the 
scavenging activity of DPPH* by methanol crude extract was greater than that of 
water crude extract at 4-6mg/ml (p<0.05). Also, the methanol crude extract of V. 
volvacea possessed the strongest scavenging activity among all three mushrooms at 
4-6mg/ml (p<0.05). 
Strong scavenging activity was also found in the extracts possessing a high 
phenolic content. However, at 4mg/ml, a strong and positive correlation was found 
between the scavenging activity of the methanol and the water crude extracts and the 
total phenolic content (R^=0.96, p<0.01) only in L edodes. As the scavenging 
activity of DPPH* depends on the hydrogen donating capacity of the compound 
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tested, comparisons are not quantitative because reaction with DPPH* depends on the 
structural conformation of that compound (Fukumoto and Mazza, 2000). The 
percentage inhibition increased when the ortho position of monophenols was 
substituted with a methoxy group, which acts as electron donor. Substitution with a 
hydroxyl group was more effective than a methoxy group in the phenols in 
scavenging DPPH*. The presence of a glycoside resulted in a reduction in 
antioxidant activity (Gadow et al., 1997), which was probably due to steric hindrance 
(Fukumoto and Mazza, 2000). 
The scavenging activities of all mushroom extracts were lower than those of 
vegetable extracts which exhibited more than 90% DPPH. scavenging activities (Chu 
et aL, 2000). The water crude extract of P. tuber-regium at 4mg/ml and the 
methanol crude extract of V. volvacea at 6mg/ml showed the highest scavenging 
activities (64.2 and 57.8%), but the values were still far below those of TBHQ at 
0.67mg/ml (94.8%) (p<0.05). 
From the above results, it was found that the water crude extract of P. 
tuber-regium and the methanol crude extract of V. volvacea contained compounds 




















































































































































































































































































































































































































































































































































































3.4.3.3 Assay for erythrocyte hemolysis 
In this study, the protective effect of mushroom extracts on hemolysis by 
peroxyl radical scavenging activity was investigated. Table 3.10 shows the 
inhibition percentage of hemolysis as a result of protection against membrane 
damage induced by AAPH. In comparison, the methanol crude extract of P. 
tuber-regium showed a greater inhibition percentage of hemolysis of red blood cell 
(36.1-61.8%) than other mushrooms (1.20-7.25%) (p<0.05). On the other hand, the 
water crude extracts of P. tuber-regium (42.8-95.7%) and L edodes (83.0-94.9%) 
showed greater inhibition percentage of hemolysis than the water crude extract of V. 
volvacea (3.87-30.83%) (p<0.05). This had demonstrated that both extracts of P 
tuber-regium had a greater protective effect against hemolysis of red blood cell than 
the other two mushrooms. 
When the inhibition percentages of both extracts were compared, water crude 
extracts of P. tuber-regium and L. edodes showed higher antioxidant activity than 
their corresponding methanol crude extracts (p<0.05). On the other hand, the 
inhibition percentage between both methanol and water crude extracts of V. volvacea 
only showed significant difference when their concentration were above 250|ig/ml. 
The water crude extracts may contain some antioxidative components (e.g. ascorbate) 
good for preventing hemolysis of red blood cell. 
Water crude extracts of all mushrooms and the methanol crude extract of P. 
tuher-regium inhibited hemolysis of red blood cell in a concentration-dependent 
manner. The highest inhibition percentage was found in the above extracts at 
1.25mg/ml among the concentration tested. As the inhibition percentage was over 
90%, higher concentration of extracts was not tested due to solubility problem. A 
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strong linear relationship was found between the concentration of the extract and the 
inhibition percentage in water crude extract of P. tuber-regium (R^ = 0.91, p<0.01). 
A relationship between the inhibition percentage of hemolysis and the total 
phenolic content was found. At Img/ml, the inhibition percentage showed a strong 
positive correlation with the total phenolic content for L edodes 0.99, p<0.01) 
and V. volvacea (R^ = 0.99, p<0.01). Therefore, the relatively higher inhibition 
percentage in the water crude extracts of these two mushrooms was probably due to 
their higher phenolic content. 
At 0.25mg/ml, only the water crude extract of L edodes (83.0%) showed a 
similar inhibition percentage with ascorbic acid (94.6%) (p>0.05). When the 
concentration of the water crude extracts of L. edodes and P. tuber-regium increased 
from 0.5 to 1.25mg/ml and 1 to 1.25mg/ml, respectively, their antioxidant activities 
were similar to ascorbic acid at 0.25mg/ml (p>0.05). Compared with the natural 
products isolated from Chinese herbs (Ng et al., 2000), the inhibition percentage of 
the water crude extract of L. edodes at 0.25mg/ml (83.0%) on hemolysis of red blood 
cell could be higher than that of luteolin-7-glucuronide-6‘-methyl ester (69.5%), 
rutin (16.4%), 4'-demethyldeoxypo-dophyllotoxin (69.5%), erianin (50.3%), 
tanshinone I (2.29%) at ImM. It seems that the antioxidant potency of the water 
































































































































































































































































































































































































































































































































































































3.5 Extraction scheme IV 
3.5.1 Yield and Fractionation 
As the petroleum ether and the ethyl acetate crude extracts were not used for 
analysis, their yields were not recorded. The yields of methanol crude extracts (% 
dry weight of mushroom) from the three mushrooms were 1.09% for P. tuber-regium, 
36.1% for L edodes and 30.8% for V. volvacea. The yields (% dry weight of 
mushroom) of water crude extracts were 8.01% for P. tuber-regium, 18.0% for L. 
edodes and 21.4% for V. volvacea. The yield of methanol and water crude extracts 
in this extraction scheme was similar to that in scheme III. The conditions used 
such as the extraction temperature and extraction time might be suitable for such a 
large-scale extraction. 
The chemical components in methanol crude extracts obtained by reflux were 
fractionated according to the polarity of the solvent from non-polar to polar resulting 
in dichloromethane, ethyl acetate, butanol and water subfractions. The proportion 
of the subfractions of the methanol crude extract is shown in Table 3.11. The 
distribution of chemical components in the four solvents was different in the three 
mushrooms. In P. tuber-regium, large proportion of components was extracted to 
dichloromethane subfraction and remained in water subfraction. The methanol 
crude extract of R tuber-regium might contain most components with low or high 
polarity rather than middle polarity. In L edodes, nearly half (49%) of the 
components were extracted by butanol and more than a half of components were 
extracted to butanol and water. The chemical components in the methanol crude 
extract of L edodes were mostly high in polarity. In V. volvacea, more than a half 
of the components remained in water subfraction and a relatively low content of 
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dichloromethane and ethyl acetate soluble components were found. The difference 
in proportion between the non-polar and polar components in V. volvacea was much 
more than that in L. edodes. It seemed that there were not much methanol-soluble 
compounds in V. volvacea, rather the methanol extracted most of the compounds 
which were soluble in water and methanol only. Those compounds might be the 
components of the water crude extract in scheme I. 
The boiling water crude extract was fractionated by ultrafiltration according to 
the molecular size of the chemical components and divided into high molecular 
weight (HMW) and low molecular weight (LMW) subfractions (Table 3.11). The 
three mushrooms were high in the amount of compounds of high molecular weight 
with the highest percentage (83.2%) in P. tuber-regium. It might be due to the 
extraction of the low molecular weight compounds by methanol prior to water 
extraction. 
Table 3.11. The proportions (% of crude extract) of the subfractions of the water and 
methanol crude extracts obtained by scheme IV from the three mushrooms 
Fractions R tuber-regium L. edodes V. volvacea 
Water Crude Extract 
High molecular weight subfraction 83.2 56.7 80.4 
(>10,000) 
Low molecular weight subfraction 16.9 43.2 19.6 
(< 10,000) 
Methanol Crude Extract 
Dichloromethane subfraction 31.8 16.3 4.15 
Ethyl acetate subfraction 16.6 6.04 1.02 
Butanol subfraction 8.63 49.0 9.94 
Water subfraction 43.0 28.7 84.9 
92 
3.5.2 Chemical characterization of fractions 
3.5.2.1 Protein content 
Hydrolysed proteins from many animal and plant sources, individual peptides 
and amino acids have been found to possess antioxidant activity (Amariwicz and 
Shahidi, 1997). The antioxidant activity of the high molecular weight fraction of 
whey from pasteurized milk was found to increase with its concentration, as 
determined by its ability to inhibit TBARS and lipid peroxide formation (Tong et al., 
2000). The protein content of the boiling water crude extracts, HMW subfraction 
and L M W subfraction were therefore evaluated as a potential antioxidant source of 
the three mushrooms and the results are shown in Fig. 3.4. Protein became the 
major component of the L M W subfraction after ultrafiltration (22.63-42.32%) and 
the protein content of L M W subfraction was significantly higher than that of H M W 
subfraction of the three mushrooms (p<0.05). As the molecular weight of polymers 
in the L M W subfraction was smaller than 10,000, the material in the L M W 
subfraction was probably amino acids or small peptides which came from 
degradation of protein due to the heating process during the boiling water extraction. 
3.5.2.2 Total carbohydrate content 
In the boiling water crude extracts, carbohydrate is another possible chemical 
component. Thus, the effect of carbohydrate on the antioxidant activity was also 
considered. The result of the carbohydrate content in the boiling water crude 
extracts and their subfractions is shown in Fig. 3.5. The distribution of 
carbohydrate content in the extracts was similar to the protein content with 
carbohydrate being the major component in the L M W subfractions (334-496mg/g of 
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extract) and the carbohydrate content in the L M W subfraction was significantly 
higher than that in HMW subfraction in the three mushrooms (p<0.05). 
When the protein content and carbohydrate content were added up, they could 
occupy as much as 75.8% in the L M W subfraction of P. tuber-regium or as low as 
19.6% in the HMW subfraction of V. volvacea. The extracts or subfractions with a 
lower value in Table 3.12 corresponded to a higher amount of non-protein and 
non-carbohydrate substances which might be substances with or without antioxidant 
activity. 
Table 3.12 The total content of protein and carbohydrate (%, w/w) in different 
fractions of mushrooms 
Fractions P. tuber-regium L. edodes V. volvacea 
Water crude extract 7L2 59.4 &12 
HMW subfraction 20.1 23.6 19.6 
LMW subfraction 75.8 65.7 73.2 
3.5.2.3 Total phenolic content 
The total phenolic content of the boiling water crude extracts as well as the 
subfractions of both water and methanol crude extracts from the three mushrooms 
was determined (Table 3.13.) When comparing the contents among the fractions, 
three fractions were found to contain the highest amount of phenolic compounds, 
which ranged from 0.21 to 0.49|iM(CAE)/mg of extract. These were the ethyl 
acetate subfractions from both V. volvacea and P. tuber-regium and the 
dichloromethane subfraction from V. volvacea (Table 3.13). At the same time, the 
HMW subfraction of the boiling water crude extract from L edodes and the water 
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subfractions of the methanol crude extract from L edodes and P. tuber-regium 
contained the lowest amount of phenolic compounds (0.013-0.031|iM(CAE)/mg of 
extract). Among the seven fractions, in P. tuber-regium and V. volvacea the water 
subfractions of the methanol crude extract contained the lowest phenolic content 
while the ethyl acetate subfractions contained the highest (p<0.05) while the LMW 
subfraction and the HMW subfraction contained the highest and the lowest phenolic 
content respectively in L edodes. The phenolic compounds in L edodes were 
probably water-soluble such as glycosylated flavonoids, which are water-soluble and 
low in molecular weight. The phenolic compounds were preferentially extracted in 
the low-polarity fraction such as dichloromethane and ethyl acetate subfractions. 
Among the mushrooms, the amount of phenolic compounds extracted from the L 
edodes was the lowest (p<0.05), while there was no significant difference between P. 
tuher-regium and V. volvacea (p>0.05). When comparing the phenolic content of 
the water crude extracts of mushrooms in extraction scheme I I I and IV’ the phenolic 
content in the water crude extracts in scheme i n (0.057-0.083|LiM(CAE)/mg of 
extract) were higher than that in scheme IV (0.039-0.049|iM(CAE)/mg of extract). 
This might be due to the decrease in the extraction efficiency during scaled-up 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.5.3 Antioxidant activity 
3.5.3.1 Assay for lipid peroxidation of rat brain 
Malondialdehyde (MDA), formed from the breakdown of polyunsaturated fatty 
acid, serves as a convenient index for determining the extent of lipid peroxidation. 
The inhibitory effect in this assay also serves as an indicator of hydroxyl radical 
scavenging activity. The effects on lipid peroxidation by the seven fractions from 
each mushroom in the brain homogenates at 0-4mg/ml are shown in Fig.3.6 to 
Fig.3.8. 
The inhibition of lipid peroxidation on rat brain homogenates by the seven 
fractions showed a similar pattern in the mushrooms. When the concentration of 
the fractions of P. tuber-regium was low (between 0.8 to 1.6mg/ml), the inhibition 
percentage of the dichloromethane, the ethyl acetate and the butanol subfractions 
(64.75-92.7%) was higher than the other four fractions (13.7-33.1%). When the 
concentration of the fractions in P. tuber-regium increased above 2mg/ml, the 
inhibition percentage of all the fractions increased except the water subfraction of the 
methanol crude extract which showed the lowest inhibition percentage (p<0.05) 
(Fig.3.6). 
For L edodes, when the concentration of fractions was below 2mg/ml, the 
inhibition percentage of the HMW subfraction and the water subfraction of methanol 
crude extract showed the lowest inhibition percentage (p<0.05). When the 
concentration of the fractions increased above 2mg/ml, the inhibition percentage of 
the H M W subfraction only increased slightly. The water subfraction of methanol 
crude extract showed almost zero inhibition percentage throughout the concentration 
range from 0.32 to 4mg/ml (Fig.3.7). 
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The water crude extract/ subfractions of V volvacea had a different pattern in 
inhibiting lipid peroxidation in water fractions from the other two mushrooms 
(Fig.3.8). When the concentration of the fractions increased from 1.6 to 4mg/ml, 
the inhibition percentage of the other four fractions/sub fractions (boiling water crude 
extract, H M W subfraction, L M W subfraction and water subfraction of methanol 
crude extract) showed a linear relationship with the concentration (R =0.908-0.970, 
p<0.01) but not the flattened inhibition curve in the other two mushrooms. When 
the concentration of the fractions was below 2mg/ml, the dichloromethane, the ethyl 
acetate and the butanol subfractions exhibited a stronger inhibition (91.67-93.30%) 
than the other four fractions/subfractions in lipid peroxidation of rat brain 
homogenates. 
In general, the antioxidant activities of the dichloromethane, ethyl acetate and 
butanol subfractions were significantly higher than the other four 
fractions/subfractions (p<0.05) in which the antioxidant activities of the L M W 
subfractions were higher than those of the water crude extracts, the H M W 
subfractions and the water subfractions. So, the antioxidant components could be 
either water-soluble chemical substances which had low molecular weight (<10，000) 
or low in polarity relative to water and some soluble in dichloromethane, ethyl 
acetate and butanol. 
Different mushroom also exhibited different inhibition percentage in different 
extracts/subfractions (Fig. 3.9 to 3.15). Different concentration ranges were used 
for different fractions/subfractions for comparison. A convenient index ( I C 5 0 ) 
defined as the concentration of each fraction that gives 50% inhibition of lipid 
peroxidation, was deduced from Fig. 3.9-3.15 and used for comparing the relative 
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efficacies of different extract/subfractions (Table 3.14). The fraction with lower 
value of IC50, i.e. lower concentration to induce 50% inhibition, represents high 
potency as antioxidant. For the boiling water crude extract, the inhibition 
percentage of L edodes was significantly higher than that of P. tuber-regium and V 
volvacea at the concentration range tested (p<0.05) (Fig.3.9). This was also 
reflected from the lowest value of IC50 found in L edodes (Table 3.14). On the 
other hand, there was no significant difference found in the HMW subfractions of the 
three mushrooms for all the concentration ranges (0.4-8mg/ml) (p>0.05) (Fig. 3.10) 
even though the lowest value of IC50 was found in V volvacea (Table 3.14). For the 
L M W subfraction, the inhibition percentage of L. edodes was significantly higher 
than that o f / ! tuher-regium and V. volvacea (p<0.05) (Fig. 3.11) and the lowest value 
of IC50 was also found in L. edodes (Table 3.14). In general, the boiling water 
crude extract or its subfraction in L. edodes showed stronger inhibition percentage in 
lipid peroxidation of rat brain homogenates especially in the boiling water crude 
extract and the L M W subfraction than the other two mushrooms. 
Table 3.14 The IC50 of different fractions in the mushrooms. 
Fraction P. tuber-regium L. edodes V. volvacea 
Boiling water crude extract 5.66mg/ml 0.70mg/ml 5.27mg/ml 
HMW subfraction 8.06mg/ml 10.5mg/ml 5.83mg/ml 
LMW subfraction 2.57mg/ml 0.39mg/ml 2.10mg/ml 
Dichloromethane subfraction 0.14mg/ml 0.12mg/ml 0.05mg/ml 
Ethyl acetate subfraction 0.14mg/ml 0.16mg/ml 0.08mg/ml 
Butanol subfraction 0.65mg/ml 0.33mg/ml 0.60mg/ml 
Water subfraction N.A. N.A. 4.70mg/ml 
N.A.: The value of IC50 cannot be found in the concentration range tested. 
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In the methanol crude extract, the dichloromethane and the ethyl acetate 
subfractions of V volvacea acted as stronger antioxidants than those of the other two 
mushrooms at the concentrations ranged from 0.04-0.32mg/ml (Fig.3.12-3.13). On 
the contrary, the butanol subfractions of L. edodes showed a stronger antioxidant 
activity at 0.32-1.6mg/ml than that of V. volvacea (Fig. 3.14). As a result, the IC50 
of the three mushrooms in these three subfractions were different. For both the 
dichloromethane and ethyl acetate subfractions, the lowest value of IC50 was found in 
V. volvacea. For the butanol subfraction, the lowest value of IC50 was found in L. 
edodes (Table 3.14). Moreover, there was a significant difference in the inhibition 
percentages of the water subfractions of methanol crude extracts among the 
mushrooms (p<0.05) (Fig.3.15). The inhibition percentage of the water subfraction 
of V. volvacea was the highest and the inhibition percentage of R tuber-regium was 
higher than that of L. edodes. An IC50 of 4.7mg/ml was only found for V. volvacea 
in the concentration range tested (Table 3.14). For the methanol extract, the 
dichloromethane subfraction of V. volvacea exhibited the strongest inhibition in the 
lipid peroxidation of rat brain homogenates as estimated by the IC50. In general, the 
dichloromethane and the ethyl acetate subfractions showed stronger antioxidant 
activity than in the other subfractions which might due to the higher phenolic 
content. 
The relationship between total phenolic content (CAE) (Table 3.13) and the 
antioxidant activity (inhibition percentage) (Fig. 3.6-3.8) of the fractions/subfractions 
was tested by statistical analysis. The results indicated there was a positive and 
highly significant relationship (p<0.01) between the content of total phenolic content 
and the antioxidant activity at 3.2mg/ml for all fractions/subfractions. A strong 
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statistically significant relationship was also observed between total phenolic content 
and antioxidant activity of the ethyl acetate subfractions (r2=0.94, p<0.01). 
However, the relationship between total phenolic content and antioxidant activity for 
the other subfractions was not strong. This may be due to the difference in phenolic 
composition in the different subfractions as the structure of the phenolics can 
influence its antioxidant activity (Cuvelier et al., 1992). The possibility of factors 
such as the structure of the phenolics other than the amount of total phenolics playing 
a major role in the antioxidant activity of these fractions cannot be ruled out. A 
strong correlation (R? 二 0.94, p<0.01) was also found between protein content 
(Fig.3.4) and antioxidant activity of the water crude extract and its subfractions for L. 
edodes (Fig.3.7). 
Although no mushroom extract which could give a similar inhibition percentage 
at the same concentration (0.04mg/ml) as BPIA, some subfractions exhibited a 
comparable inhibition percentage as BHA though at a higher concentration 
(Fig.3.16-3.17). For the dichloromethane and ethyl acetate subfractions, the 
inhibition percentage of the mushrooms at 0.4mg/ml was similar to that of BHA at 
0.04mg/ml (p>0.05). The boiling water crude extract, LMW (at 4mg/ml) and the 
butanol (at 0.4mg/ml) subfraction of L edodes also showed similar inhibition 
percentage as BHA (p>0.05). As a result, the potent antioxidants would probably 
be found in the dichloromethane and ethyl acetate subfractions for all mushrooms. 
The ethyl acetate subfraction of V. volvacea, which contained the highest 
amount of phenolic compounds (CAE/GAE), exhibited the highest inhibition 
percentage on rat brain lipid peroxidation (93.3%) at low concentration (0.16mg/ml) 
(Fig.3.13). The antioxidant activity of this extract was nearly comparable to the 
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flavonoids isolated from Chinese herbs such as baicalin (97.9%), rutin (97.8%) and 
leteolin-7-glucuronide-6'methyl ester (97.2%) (Ng et al., 2000). It showed that the 
chemical components in the ethyl acetate subfraction of V. volvacea had the highest 
antioxidant potency among all others extract/subfractions but similar as the 
dichloromethane subfraction of V. volvacea. 
Based on the result in the lipid peroxidation of rat brain homogenate, the 
dichloromethane and ethyl acetate subfractions of V. volvacea were found to have 
strong antioxidant activity (Fig. 3.8). However, the proportion of these two 
subfractions was very low in the methanol crude extract while that of the water 
subfraction which had relatively low antioxidant activity was very high (Table 3.11). 
This could explain the low antioxidant activity of the methanol crude extract of V. 
volvacea for the beta-carotene bleaching method and the assay for erythrocyte 
hemolysis in scheme I I I (Table 3.8 and 3.10). The content of the antioxidant 
compounds in the methanol crude extract of V. volvacea might be so low that they 
could not exhibit the antioxidant activity in the assays for scheme I to III，but the 
antioxidant activity was potent when they were concentrated in the subfraction. 
On the other hand, the proportion of the dichloromethane and ethyl acetate 
subfraction of P. tuber-regium (48.4%) was nearly half of the methanol crude extract 
(Table 3.11). Therefore, they could contribute to the antioxidant activity of the 
methanol crude extract in the beta-carotene bleaching method and assay for 
erythrocyte hemolysis in scheme I I I (Table 3.8 and 3.10). 
While the butanol subfraction in the methanol crude extract of L. edodes 
contributed 49.0%, the water subfraction in the methanol crude extract also had 
one-fourth. The water subfraction which had no antioxidant activity in the lipid 
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peroxidation of rat brain homogenate (Fig. 3.15) would lower the antioxidative effect 
in scheme I to I I I for the methanol crude extract of L. edodes. As a result, the 
methanol crude extract of L. edodes could not exhibit strong antioxidant activity as P. 
tuher-regium but similar to V. volvacea in the beta-carotene bleaching method and 
assay for erythrocyte hemolysis in scheme I I I (Table 3.8 and 3.10). 
For the water crude extracts and their subfractions, the L M W subfractions 
exhibited stronger antioxidant activity than the water crude extracts and HMW 
subfractions in the three mushrooms (Fig.3.6-3.8). This implied that the higher 
proportion of L M W subfraction in the water crude extract could influence the 
antioxidant activity in that extract more dominantly. This could explain the 
difference in the antioxidant activity of L. edodes and V. volvacea in the assay of 
erythrocyte hemolysis in scheme I I I (Table 3.10). However, it was not the case in P. 
tuher-regium. The water extract of P. tuber-regium contained a low proportion of 
L M W subfraction, but still have comparable antioxidant activity as L. edodes. It 
showed that the potency of the antioxidant in the L M W subfraction of P. 
tuher-regium was very high even though the concentration of that subfraction was 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.5.3.2 LDL oxidation 
Effect of mushroom extracts on the production of thiobarbituric acid reactive 
substances (TEARS) was examined by incubating human L D L in the presence of 
SOjiM CuSCU - an oxidation initiator. The concentration of mushroom samples in 
the system was 0.1 mg/ml. As shown in Fig. 3.18-3.20, the L D L was oxidized 
within 4 hours for the control，the phenolic standard and the mushroom samples, but 
the extent of TEARS production was different. The levels of TEARS produced in 
the presence of L M W subfractions from the mushrooms, the dichloromethane 
subfractions from P. tuber-regium and V. volvacea, the ethyl acetate subfractions 
from P. tuher-regium and V volvacea as well as the butanol subfraction from V. 
volvacea were all significantly lower than the control value (p<0.05) at 4th hour 
(Table 3.15). After incubating for 36hours, only the ethyl acetate subfraction from 
V. volvacea had a level o f TEARS that was as low as the standard in addition to 
being lower than the rest of the other mushroom samples and the control (p<0.05) 
(Table 3.15). It showed that the inhibitory effect of the ethyl acetate subfraction of 
I 
V. volvacea on the production of TEARS in Cu -mediated oxidation of human LDLs 
was the strongest and most prevalent among all mushroom extract and subfractions. 
The results showed that L M W subfractions also had the ability in inhibiting L D L 
oxidation, some strong antioxidants might present in L M W subfractions. However, 
the effect was only exhibited in a short time (4h), the antioxidants in L M W 
subfractions might be some chemicals that were easily degraded. Among the three 
mushrooms, V. volvacea seemed to exhibit the strongest inhibition in L D L oxidation 
than the other two mushrooms. This might due to the presence of strong 
antioxidative components in V. volvacea. In conclusion, the substances that could 
118 
inhibit the L D L oxidation were the dichloromethane, ethyl acetate, butanol and 
L M W subfractions and they were low in molecular weight. 
The correlation between total phenolic content and the level of TEARS 
production is shown in Table 3.16. The level of TBARS in the presence of the 
dichloromethane subfractions at the 4th hour showed a negative correlation with the 
total phenolic content (CAE) in the subfraction (K?二0.731, p<0.01). Also, a 
negative correlation were shown between the level o f TBARS in the presence of 
ethyl acetate subfractions at the 4th hour and the total phenolic content in the 
subfraction (R】二0.852，p<0.01). At the same time, the level of TBARS in the 
presence of butanol subfractions at the 4th hour showed a negative correlation with 
the total phenolic content in the subfractions (R^=0.904, p<0.01). The results 
showed that the inhibitory effect on LDL oxidation in these fractions might be 
related to the content of phenolic compounds in these three subfractions. However, 
there was no correlation shown between the mushroom boiling water crude extracts 
and their subfractions with either their contents of total phenolics, carbohydrate or 
protein (p>0.05). 
As oxidative modified LDL may play a role in pathogenesis of atherosclerosis, 
the prevention of LDL oxidation may reduce the risk of this disease. In this study, 
it has been demonstrated that the polyunsaturated fatty acids in L D L could be 
protected from oxidation by the dichloromethane, ethyl acetate and butanol 
subfractions of the methanol crude extract, especially the ethyl acetate one obtained 
from V. volvacea. Meanwhile, the presence of phenolic compounds may account 
for the prevention of LDL oxidation in these fractions. 
In one study, the inhibitory effect of jasmine green tea polyphenol extracts and 
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its individual epicatechin isomers on Cu^^-mediated oxidation of human LDL was 
examined (Zhang et al.,1997). The green tea polyphenol as a mixture or its 
individual epicatechin isomers demonstrated strong antioxidant activity in 
2+ 
Cu -mediated oxidation of human LDL. The inhibitory effect of these epicatechin 
isomers on LDL oxidation was dose-dependent at the concentrations ranging from 5 
to 40jLiM. For the sample at 20 and 40|iM, production of TEARS was negligible 
throughout the 36-hour incubation. It showed that the green tea polyphenol was 






















































































































































































































































































































































































































































































































































































































































































































Table 3.15. The production of TEARS in LDL oxidation for different mushroom extracts 
and subfractions at O.lmg/ml at different time periods 
The production of TEARS in LDL oxidation (nM) 
Sample 4th hour 12 th hour 36 th hour 
Control 8.6 土 3.85 11.1 土 0.89 9.6 ± 0.25 
Caffeic acid (standard) 3.04 土 0.91 * 2.27 土 0.46 * 3.07 土 1.20 * 
Boiling water crude extract 
P. tuher-regiiim 4.58 土 1.13 9.72 土 1.22 8.19 土 0.55 
L edodes 5.65 土 1.54 6.55 土 0.62 * 11.7 土 1.76 
V. volvacea 4.36 土 1.53 5.44 土 4.18* 10.1 土 0.06 
High molecular weight subfraction 
P. tuber-regium 4.60 土 0.91 8.96 土 1.79 9.14 土 0.29 
L. edodes 7.58 土 3.59 11.8 土 0.81 9.56 土 0.25 
V. volvacea .  7.96 土 3.34 11.9 土 0.48 9.51 土 0.33 
Low molecular weight subfraction 
P. tuber-regium 2.81 土 0.27 * 11.9 土 0.15 9.90 土 1.22 
L edodes 2.45 土 0 .13* 13.4 土 1.80 10.1 土 0.73 
V- volvacea 2.73 土 0.40 * 12.2 土 0.15 10.2 土 0.68 
Dichloromethane subfraction 
P. tuber-regium 2.59 土 0.30 * 13.6 土 0.79 8.79 土 0.42 
L. edodes 4.24 土 0.84 12.3 土 0.33 8.83 土 2.45 
V- volvacea 1.92 土 0.16* 3.66 土 1.00* 8.15 土 3.89 Ethyl acetate subfraction 
P. tuber-regium 2.53 土 0.14 * 3.99 土 1.18 * 8.69 土 0.53 
L. edodes 3.68 土 0.35 12.7 土 0.69 9.02 土 0.46 
V. volvacea 2.04 土 0.21 * 4.25 土 2.12 * 3.43 土 0.67 * Butanol subfraction 
P. tuber-regium 3.45 土 0.19 12.9 土 1.01 10.1 土 0.82 
L. edodes 3.74 土 0.41 8.33 土 1.52 9.20 土 0.56 
V- volvacea 2.06 土 0.64 * 3.M 土 1.22" 10.1 土 0.21 
Water subfraction 
P. tuber-regium 4.15 土 0.58 9.48 土 1.85 9.16 土 1.06 
L. edodes 4.66 土 1.60 6.62 土 2.93 * 9.51 土 0.48 
V' volvacea 7.35 土 4.63 10.5 土 0.24 10.2 土 0.47 
Data are expressed as mean 土 SD of n=3. 
*, p<0.05 sample versus control 
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Table 3.16. Correlation between the TEARS production and total phenolic contents 
of mushroom extracts and subfractions of all mushrooms. 
E 血 c t ~ 一 ~ 一 CorrdatTon (R^) ~ 
hour hour 
Al l mushroom extracts 0.21** 0.23** 0 43** 
Water crude extracts 0.20 0.09 0 59* 
HMW subfractions 0.00 0.00 0.02 
L M W subfractions 0.03 0.05 0.09 
Dichloromethane subfractions 0.73** 0.70** 001 
Ethyl acetate subfractions 0.85** 0.61* 0.81** 
Butanol subfractions 0.90** 0.55* 012 
Water subfractions 0.12 0.52* 0.01 
** Correlation is significant at the 0.01 level. 
^Correlation is significant at the 0.05 level. 
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3.5.4 Identification of antioxidant by chromatographic methods 
3.5.4.1 Thin-layer chromatography 
The chemical components in the subfractions of methanolic mushroom crude 
extracts obtained by scheme IV and the phenolic compounds in these subfractions 
were detected by TLC with the use of UV absorption and specific spraying reagents. 
Two solvent systems: Ethyl acetate-Methanol-Water (EMW) (20:40:2) and Ethyl 
acetate-Formic acid-Water (EFW) (17:2:3) were used to separate the chemical 
components in each subfraction, with the EMW solvent system showing better 
. separation of the chemical components. With the EMW solvent system, each 
fraction was separated into two to six UV-distinct spots; while with EFW, it was 
separated into one to five spots. The Rf values of all the spots identified are shown 
in Table 3.17 and Table 3.18. 
Three spots were obtained from the mushrooms in the dichloromethane 
subfractions that showed the strongest antioxidant activity in lipid peroxidation of rat 
brain homogenates and had a Rf value of 0.93, 0.95 and 0.94 in the EMW solvent 
system under the antioxidant activity in the DPPH* test and had a positive result in 
both phenolic compound tests (Table 3.17). The spot with Rf 二 0.93 from the 
dichloromethane subfraction of P. tuber-regium showed a dark green color in FeCb 
test which indicated the presence of dihydroxy phenolics; the structure of this 
component might be similar to caffeic acid. The other two spots with Rf = 0.95 and 
0.94 from L. edodes and V. volvacea showing a brown color in FeCls test indicates 
the presence of phenolics other than trihydroxy or dihydroxy ones. 
Two spots obtained from the ethyl acetate subfractions that had the second 
highest antioxidant activity in lipid peroxidation of all three mushrooms had Rf = 
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0.94 (L edodes) and 0.90 (V volvacea) in the EMW solvent system, showing 
antioxidant activity in DPPH* test and positive result in both phenolic compound 
tests. The brown color of the two spots from the ¥eCh test indicated the presence 
of phenolics other than the trihydroxy or dihydroxy ones in the ethyl acetate 
subfraction. From the results of FeCls test, three spots were identified as phenolic 
compounds in the ethyl acetate subfraction of P. tuber-regium and one of them was 
probably a trihydroxy phenolic. 
Relatively fewer spots with antioxidative property (DPPH) were found in the 
butanol subfractions which had a lower antioxidant activity than dichloromethane 
and ethyl acetate subfractions of the mushroom methanol crude extracts (Table 3.17). 
Four spots were identified in the butanol subfraction of the three mushrooms as 
phenolic compound with Rf 二 0.91’ 0.82, 0.88 and 0.96 in EMW. However, the 
butanol subfraction of V volvacea did not show the presence of any phenolic 
compound. The component with Rf = 0.91 from the butanol subfraction of P. 
tuber-regium may have similar structure as syringic add-as their Rf and the color 
after reacting with FeCls were the same. Although the butanol subfractions had the 
same number of component as the ethyl acetate subfractions under UV detection, 
only a few of them showed antioxidant activity in the DPPH* test. It can be 
deduced that most of the antioxidant compounds were probably extracted in the 
dichloromethane and ethyl acetate subfractions of the methanol crude extract. 
Based on the TLC result, various types of phenolic compounds seemed to be 
present in the dichloromethane, ethyl acetate and butanol subfractions of the 
methanol crude extract; with some of them contributing to the antioxidant effect of 
the mushrooms. 
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The subfractions of the methanol crude extract of P. tuber-regium had more 
spots with antioxidant activity in DPPH test than those of the other mushroom, but 
only one or few of the spots were phenolic compounds as determined by FeCls test. 
With reference to the result in 3.5.3.1, the antioxidant activity of the subfractions of P. 
tuber-regium was not due to any individual component, but it might be the 
synergistic effect of various compounds which might not be phenolic compounds 
only. 
For L. edodes and V. volvacea, the spots that gave positive result in DPPH test 
nearly had positive result in FeCla test. It is possible that the presence of phenolic 
compound in the subfractions was closely related to the antioxidant activity in DPPH 
test as well as in 3.5.3.1. As the spots that gave positive result in DPPH test were 
few, the phenolic compounds may be the major contributor to the antioxidant activity 
in L. edodes and V. volvacea. 
In comparison to the result in 3.5.2.3, the amount of phenolic compounds found 
in the butanol subfraction of V. volvacea was quite high compared with the other two 
mushrooms. However, the phenolic compounds in the butanol subfraction was not 
detected in TLC. One possible reason is that the mobile phase used might not be 
very suitable for the separation of the phenolic compounds in the butanol 
subfractions. As a result, fewer spots were appeared in DPPH, FeCl3-K3Fe(CN)6 
and FeCla tests. 
In LDL oxidation assay, the ethyl acetate subfraction of V. volvacea was found 
to have the most potent antioxidant activity. It could be deduced that the 
antioxidant activity of the ethyl acetate subfraction possibly came from the 
compound(s) with the Rf value of 0.90. 
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With reference to Table 3.17 and Table 3.18, the antioxidative components with 
positive phenolic characteristic were also found in the TLC under two mobile 
systems and they were mostly low in polarity as seen from their Rf value. Although 
there were some polar chemicals found in the dichloromethane and ethyl acetate 
subfractions, they might not be phenolic compound based on the FeCb test. In 
Table 3.18, several spots were also detected in FeCb test. Two spots could be 
identified with similar characteristic of standard. The spot with Rf value of 0.95 in 
the dichloromethane subfraction of P. tuber-regium was shown to be similar to 
catechol and that with Rf = 0.93 from the ethyl acetate subfraction of L. edodes was 
similar to catechin. Hence, the possibility of the antioxidant activity in mushroom 
due to the presence of phenolic compound was very high. 
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Table 3.17. The Rf value of the chemical compounds of the subfractions of the mushroom methanol crude 
extracts from scheme IV detected in TLC plates under mobile system of ethyl acetate-methanol-water (20.4 2) (BMW) . . 
UV detected Test of phenolic Identification of 
compound at Antioxidant test compound (FeClg- phenolic compound 
Rf value 365nm (0.4mM DPPH) KgFeCCN)^ ) (FeClg) 
Dichloromethane subfraction 
P. tuber-regium 0.63 0.79 0.78 0.93 
0.93 0.85 0.85 (dark green) 0.93 L. edodes 0.95 qT^  
0-61 (brown) 
0.88 
K volvacea ^ OM oT^ 
0.88 0.94 (brown) 
Ethyl acetate subfraction 
P. tuber-regium 0.42 0.61 0.83 0.8 
0.60 0.76 0.48 (blue) 
0.83 0.83 0.85 
0.95 0.87 (brown) 
0.48 (violet) L. edodes 0.56 0.86 0.94 0.94 
0.63 0.94 (brown) 
0.86 
0.94 
K volvacea ^ ^ 
0.22 0.90 0.90 (brown) 
0.26 
0.49 
g j 9 
Butanol subfraction 
P. tuber-regium 0.55 0.87 0.71 0.91 
0.81 0.9 (brown) 0.96 











Rutin 0.58 dark green 
Sinapic acid 0.83 red 
Catechin 0.91 brown 
G 纽 icadd 0.91 blue-violet 
Syringic acid 0.91 pale brown 
Protocatechuicacid 0.92 dark green 
Caffeicacid 0.93 dark green 
Catechol ^ dark green 
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Table 3.18 The Rf value of the chemical compounds of the subfractions of the mushroom 
methanol crude extracts from scheme IV detected in TLC plates under the mobile system of 
ethylacetate-formic acid-water(17:2:3) (EFW) 
UV detected Test of phenolic Identification of 
compound at Antioxidant test compound (FeClg- phenolic 
Rf value 365nm (0.4mMDPPH) K3Fe(CN)6) compound (FeClg) 
Dichloromethane subfraction 
P. tuher-regium 0.95 0.95 0.95 0.95 
(blue/green) 
L edodes 0.94 0.94 0.94 o"94 
(brown) 
V. volvacea 0.23 0.95 0.95 'o.95 
0 .57 (brown) 
g ^ 
Ethyl acetate subfraction 
P- tuher-regium 0 .95 0 .73 0 .95 0.9 (blue) 
0 ,95 .?/.£5..(br9wn) 
L edodes 6.34 0.95 …'o "¥i '0.93 
0 .47 0 .27 (brown) 
0 .59 
•…….…0,95 





P. tuher-regium 0.36 0.97 
0.50 
………..0,98 
L edodes 0.68 0.95 
•••••••....0,96 
V. volvacea 0.33 0.97 
0 .57 
Standard 
Rutin 0 .18 dark green 
Syringic acid 0 .90 pale brown 
Sinapic acid 0 .90 red 
Protocatechuic acid 0 .92 dark green 
Caffeic acid 0 .93 dark green 
Catechin 0 .93 brown 
Gallic acid 0 .93 blue-violet 
Catechol Q.95 dark green 
I 2 
131 
3.5.4.2 High-performance liquid chromatography 
The retention times and the spectral characteristics of the major peaks of each 
subfractions of the mushroom methanol crude extracts obtained by scheme IV were 
shown in Table 3.19-3.21. The UV spectra were used for tentative identification of 
the chemical components in the subfractions with reference to nine standards (Table 
3.22). The UV spectra monitored at 280nm and 310nm were used as the UV 
spectra monitored at 250nm and 350nm could not give a good detection due to high 
level of noise. The retention times of all compounds fell between 7 to 52 min. In 
some subfractions, the UV absorption spectrum was not a peak but was a trough with 
negative value in mAU which was marked as negative in Table 3.19-3.21. These 
negative peak mostly eluted at a later stage of around 50min and they might contain 
salts at a concentration different from that in the reference cell of the 
spectrophotometer. 
When the retention times and the UV spectra of the compounds were compared 
among different subfractions, some common chemical components were identified. 
The UV spectrum of a compound in the dichloromethane subfraction of P. 
tuber-regium eluting at 51.3min was similar to a compound in the water subfraction 
of the crude methanol extract of P. tuber-regium eluting at 51.6min. Other pair of 
compounds was found in two different mushrooms. One pair of compounds was 
found in the ethyl acetate subfraction of P. tuber-regium eluting at 16.8min and in the 
dichloromethane subfraction of V. volvacea eluting at 16.6min. Another pair was 
found in the butanol subfraction of P. tuber-regium eluting at 21.8min and in the 
ethyl acetate subfraction of V volvacea eluting at 21.6min. It was possible that 
some common compounds were present in different subfractions for the same 
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mushroom and even in different subfractions for different mushrooms. 
In order to identify the chemical components in the subfractions, nine phenolic 
standards were used. The retention time and the UV A^ax were used for comparison. 
Some chemicals in P. tuber-regium were found to have similar characteristic with the 
phenolic standards. For example, the chemical component eluting at 51.3min in the 
dichloromethane subfraction of P. tuber-regium had a similar UV ‘ a x with 
n-phenylphenol. Also, the chemical component eluting at 24.3min in the ethyl 
acetate subfraction of P. tuber-regium had a similar UV A^ax with syringic acid. 
However, when the pattern of the UV spectrum were compared, they did not match 
too well as the shape of the peak was different or the height of the two maximum 
absorption bands between two compounds were different. Also, only the chemical 
components in P. tuber-regium were found to have similar characteristic with the 
phenolic standard, but that was not for L. edodes and V. vovlacea. So, it may be 
better to use more phenolic standards to clearly identify the chemical components in 
the subfractions. 
Based on the TLC result, the chemical compounds with Rf value of 0.93 in the 
dichloromethane subfraction of P. tuber-regium did not match with caffeic acid as in 
TLC. On the other hand, the chemical compounds with Rf value of 0.91 in the 
butanol subfraction of P. tuber-regium, which matched with syringic acid, could not 
be found in the same subfraction in the HPLC analysis. 
The retention times of the subfraction of the components in boiling water crude 
extracts analyzed by Gel Permeation Chromatography are shown in Table 3.23. 
The molecular weights of the components were calculated by constructing a 
calibration curve of Dextran standards (Fig.3.21). As most of the components in 
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the fractions eluted earlier than the standards (the earliest elution time was 16.5min), 
the calibration curve was extrapolated to obtain the estimated molecular weight of 
those components. HMW subfractions which were the major components of the 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 3.22. Chromatographic and spectroscopic data of the phenolic standards. 
Standard UV detection (nm) Retention Time (min) U V (nm) 
Caffeic acid 280 21.7 244,325 
...... _310 21.7 244,325 
(+>Catechin 280 — — . l i S j 243^280— 
Gallic acid 280 — ""6"87 — 270"" 
.— __310 — 6.87 — : 270 
Protocatechuic acid _ 亟 ― ： ""11^9 ： 260^2^ ：： 
Rutin — 280 "ssT? "''2'56~355 
310 35J__ 256,355 
Syringic acid — 2 4 4 — 
110 ； m 237,275 
Sinapic acid 280 3 L6 24^324 
310 — J l ^ 245,324 
Catechol — 280 ...."13^9 2 4 ^ 7 3 
















































































































































































































































































































































































































































































































































































































3.5.4.3 Liquid chromatography-Mass spectrometry 
The molecular weights of different components in the subfractions of the 
methanol crude extracts were determined from the chemical ionization (CI) mass 
spectra. The major peaks of CI spectra are listed in Table 3.24-3.26. The 
molecular weights of all compounds were found between 185-646. 
Flavonoids typically exhibit two major absorption bands ( I and I I) in the 
ultraviolet/visible region with Band I in the 300-400nm region representing the 
B-ring absorption and Band I I in the 240-290nm range representing the A-ring 
absorption. The spectra of the flavanones were very characteristic with an intense 
band (Band II) near 290nm. These spectral features of the phenolic compounds 
were used to infer their presence in the mushroom extracts and subfractions. For 
example, the peak no. 3 of the ethyl acetate subfraction from P. tuher-regium eluting 
at 37.4min had a UV >-max at 231 and 318nm, which is a characteristic U V absorption 
of coumarins (Table 3.24). 
With the combination of retention time, UV spectrum and mass spectrum of a 
compound, those compounds with similar characteristics could be found. For 
example, compound with same elution time of 16.4min was found in the 
dichloromethane subfraction and the ethyl acetate subfraction as well as the butanol 
subfraction in R tuber-regium. Another compound with elution time of 37.4min 
was in the dichloromethane subfraction and the ethyl acetate subfraction of R 
tuher-regium. In L edodes, a compound with elution time 56.6min was found in 
the dichloromethane subfraction and the ethyl acetate subfraction. Another 
compound with an elution time of 57.4min was found in the dichloromethane 
subfraction and the ethyl acetate subfraction of L edodes. For those compounds 
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found in different mushrooms included the ethyl acetate subfraction of P. 
tuber-regium which had a similar retention time (50.5min) as that of L. edodes. 
Another pair of compounds was found in the ethyl acetate subfraction of P. 
tuber-regium and L edodes, both of which eluted at 46.4min. 
Based on the ion mass of the molecular ions obtained in the CI mass spectra, 
some phenolic compounds matched with the components in the mushroom 
subfractions. The molecular weight of a component in the ethyl acetate subfraction 
of P. tuber-regium eluting at 17.1 min was 458.4 which is similar to the molecular 
weight (MW) of epigallocatechin 3-gallate (MW= 458.38). Another compound 
eluted at 46.4min found in the ethyl acetate subfraction of L. edodes had a molecular 
weight of 410.4 which was similar to sumatrol, tephrosin or toxicarol (MW= 410.42). 
One compound found in the dichloromethane subfraction of V. volvacea eluting at 
21 min had a molecular weight 588.5 which is similar to kolaflavanone (MW二 
588.52). 
In comparison with the phenolic standards, no chemical compound in the 
subfraction could be found comparable to the phenolic standard based on the 
molecular weight of the compounds. However, the analysis of HPLC and LCMS 
would be influenced by impurities and the components of the present samples were 
not purified. Therefore, the results were used only for tentative identification of the 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































CHAPTER FOUR: CONCLUSION 
From extraction scheme I and II, the methanol and water crude extracts of P. 
tuber-regium, L. edodes and V, volvacea were found to have antioxidant activities based 
on the beta-carotene bleaching method. Generally, a higher extraction temperature 
could give a higher extraction yield but temperature had no conclusive effect on the 
antioxidant activities. It might be because a high extraction yield resulted from a high 
temperature extraction also increased the content of interfering substances to the 
antioxidative assay and/or high temperature treatment caused the degradation of the 
antioxidant compounds. However, in order to extract most of the soluble antioxidative 
components, higher temperature was used for subsequent extraction schemes. 
In general, the effect of the concentration of mushroom extracts on their antioxidant 
activity was a concentration dependent one, with larger inhibition of oxidation occurring 
at higher concentrations of the extracts in most cases except the crude extracts (methanol 
or water) obtained at room temperature in scheme I and H It was highly probable that 
the mushroom crude extracts contained impurities that would interfere the (3-carotene 
assay system by acting as prooxidant and masking the antioxidant effect of the other 
components present. 
Several assays were used to deduce the possible mechanism(s) of the antioxidant 
activity of the mushroom extracts. With the use of beta-carotene bleaching method, we 
could conclude that both methanol and water crude extracts from the three mushrooms 
exhibited antioxidant activity against a p-carotene-linoleic emulsion system implying 
that those extracts might scavenge free radicals generated during lipid peroxidation. 
Also, the methanol crude extract of P. tuber-regium possessed the strongest antioxidant 
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activities in this assay (p<0.05). In the assay of scavenging activity of DPPH radical, 
both methanol and water crude extracts of mushrooms showed hydro gen-donating 
capacity to react with free radicals with the water crude extract of P. tuber-regium 
having the highest activity (p<0.05). Moreover, the methanol crude extracts of P. 
tuher-regium as well as the water crude extract of L. edodes showed a higher inhibition 
percentage (p<0.05) in hemolysis of red blood cells than the others, which indicated 
their stronger ability to scavenge the peroxyl radical generated during lipid oxidation of 
the red blood cell membrane. 
The above results suggested that while the antioxidant activity of the water crude 
extracts was probably stronger than that of the methanol crude extracts in some cases, 
the antioxidant activities between these two crude extracts were similar in the others. 
However, in the assay of inhibition of rat brain lipid peroxidation, the fractions with the 
strongest antioxidant activity were from the methanol crude extracts. The 
dichloromethane subfraction of V. volvacea was found to have the strongest antioxidant 
activity in this assay (based on the comparison of IC50) which implied its strong 
scavenging activity of hydroxyl radical. Moreover，in LDL oxidation, the inhibition 
percentage of the ethyl acetate subfraction of V. volvacea was the strongest among all the 
mushroom extracts/subfractions (p<0.05) with its comparable antioxidant activity to that 
of caffeic acid. 
Based on the antioxidative assays，the three mushrooms were found to have 
free-radical scavenging activities in different extents. P. tuber-regium showed 
particularly strong activity in scavenging DPPH radical, peroxyl radical and various free 
radicals produced in lipid peroxidation in p-carotene bleaching method. However, V 
volvacea showed the strongest antioxidant activity in the lipid peroxidation of rat brain 
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homogenates in its subfraction of methanol crude extract while L edodes showed the 
strongest antioxidant activity in the same assay for its water crude extract and 
subfractions. Therefore, it was likely that the antioxidant mechanisms of the three 
mushrooms exhibited in the inhibition of lipid oxidation were different due to the 
presence of different antioxidant components. 
The antioxidant activity of the mushroom extracts depended on the solvent 
(extractant), the concentration of the extract, and the specific antioxidant activity assay 
used. Based on the three antioxidative assays in scheme III, the antioxidant activities 
of water crude extract and methanol crude extract of P. tuber-regium were similar. In L. 
edodes, antioxidants in the water crude extracts were better than those in the methanol 
crude extracts based on a stronger scavenging activity of peroxyl radical found in the 
former. For V. volvacea, the non-polar subfractions (dichloromethane and ethyl acetate) 
of its methanol crude extract had very strong antioxidant activity. In general, the 
higher phenolic content in the subfractions/extracts of mushrooms corresponded with the 
higher antioxidant activity, probably due to the additive or synergistic effects of the 
phenolic substances. 
In summary, antioxidant compounds were found in the three mushrooms with the 
more potent ones being found in the subfractions of the methanol crude extracts, but the 
active components were low in concentration. Among the three mushrooms, V. 
volvacea had the highest amount of phenolic compounds. However the strongest 
antioxidant activity was found in the extracts of P. tuber-regium, based on the evaluation 
in Table 4. Therefore, the overall antioxidant property of the extracts from sclerotia of 
P. tuber-regium might be more potent than that from the fruiting bodies of V. volvacea 
and L. edodes. 
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The LMW subfraction had a higher antioxidant activity than boiling water crude 
extract and HMW subfraction as well as the water subfraction of the methanol crude 
extract. However, the characterization of the LMW subfraction was only limited in the 
content of protein and carbohydrate. As the LMW subfraction was a major contributor 
of antioxidant activity in the boiling water crude extract, it is also necessary to further 
investigate the other components in it. 
Chromatographic techniques of TLC, HPLC and LC-MS were carried out to 
tentatively identify the antioxidative components in the mushroom extracts. The 
antioxidant activity of the mushroom extracts or subfractions was possibly due to the 
presence of phenolic compounds such as caffeic acid and syringic acid. Although the 
antioxidant components in the mushrooms had not been fully identified, it was highly 
possible that the antioxidant activities were contributed by the phenolic compounds in 
the mushrooms. Also, the antioxidant components of the three mushrooms were 
probably had different polarities. The antioxidant components in P. tuber-regium and L. 
edodes could be high in their polarity, while those in V. volvacea could have low polarity. 
In order to confirm these, further works on the purification and identification of the 
compounds by the combination of chromatographic techniques and spectroscopic 
analysis such as IR, NMR and MS are required. Moreover, the contribution of each 
antioxidant identified to the overall antioxidant activity of the mushrooms should also be 
evaluated fiirther. 
151 
4 Siimmprv nfthe ^trpngth of in the thfPP Tmishrooms 
F.xtract P tnhpr-reoiiim___厂"以——V. yolyac^a 
Scheme T 
Water crude extract at room temperature * * * * * * * 
Water crude extract at boiling condition * * * * * * * 
Scheme TT 
Methanol crude extract at room temperature * *** *** 
Methanol crude extract under reflux *** *** * 
Water crude extract at room temperature *** ** ** 
Wate crude extract at boiling condition *** *** *** 
Scheme TIT 
1.Beta-carotene bleaching method 
Methanol crude extract *** ** ** 
Water crude extract *** *** * 
2.DPPH radical scavenging activity 
Methanol crude extract ** ** *** 
Water crude extract *** *** * 
3.Assay for erythrocyte hemolysis 
Methanol crude extract *** ** ** 
Water crude extract ** *** * 
Scheme TV 
1 .Lipid peroxidation of rat brain homogenates 
Water crude extract ** *** ** 
High molecular weight subfraction *** *** *** 
Low molecular weight subfraction 氺* * * * * 氺 
Dichloromethane subfraction ***• *** *** 
Ethyl acetate subfraction **氺 *** *** 
Butanol subfraction *** *** 
Water subfraction ** * *** 
2.LDL oxidation 
Wate crude extract *** * *** 
High molecular weight subtraction *** *** *** 
Low molecular weight subfraction *** *** *** 
Dichloromethane subfraction ** * *** 
Ethyl acetate subfraction ** * *** 
Butanol subfraction * ** *** 
t l i ^ 
* Stronger antioxidant with more *. 
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